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ABSTRACT

Composting has been proven to be an effective method used to inactivate
pathogens in dairy manure. However, research has shown that if the compost heaps are
unturned pathogens can persist, especially on the surface of the heaps for extended
periods of time. As such, it is important to evaluate potential interventions that can be
used to ensure that pathogens are inactivated at all locations of minimally maintained
compost heaps under field conditions. The objectives of this study were to: 1) determine
the impact of compost initial carbon-to-nitrogen (C:N) ratio on pathogen destruction
when composting dairy manure in unturned heaps, 2) evaluate the use of common onfarm materials as coverings on the newly-formed for compost heaps in order to inactivate
pathogens at the compost surface, and 3) study the use of competitive exclusion bacteria
and bacteriophages as a treatment to reduce pathogen presence at the compost surface.
The survival of Escherichia coli O157:H7 and Salmonella enterica Typhimurium
at initial populations of ca. 7 log CFU/g was investigated in compost heaps at low
(<20:1), mid (25:1 – 30:1) and high (>35:1) initial C:N ratios. Two field trials were
performed in this study, and pathogen survival was monitored at two locations (surface
and bottom) of each compost heap. The temperatures in each heap were in the following
order at each specified location: high C:N>mid C:N>Low C:N. E. coli O157:H7 was no
longer detected at the bottom location of the heaps after 30, 14, and 7 days, and 21, 21,
and 7 days in the low, mid, and high C:N ratio heaps in Trials 1 and 2, respectively. In
Trial 1, Salmonella was not detected after 21, 14 and 7 days in the low, mid and high C:N
ratio heaps, respectively; as compared with non-detection after days 14, 3 and 1 of
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composting in the low, mid and high C:N ration heaps, respectively, in Trial 2.
Importantly, both E. coli O157:H7 and Salmonella were detectable at compost surface on
day 60 in each trial. The results indicate that the high initial C:N ratio of the composting
resulted in rapid pathogen inactivation if composting dairy manure in unturned heaps.
In the second objective of the study, field trials were performed to determine if E.
coli O157:H7 survival on the compost surface would be affected by the application of a
physical covering to the surface of the newly-formed compost heaps. Four trials,
representing conditions that would be experienced during all four seasons, were
conducted with compost heaps covered with finished compost (FC) at different
thicknesses and initial moisture contents (MC), fresh straw or uncovered, which served as
the control. Pathogen inactivation occurred most rapidly in the FC covering with 30%
MC at a thickness of 30 cm, as a greater than 7 log CFU/g reduction of E. coli O157:H7
was observed by day 21, 5, 21 and 7 of composting in Trials 1, 2, 3 and 4, respectively.
Importantly, E. coli O157:H7 was detected in the control samples at the end of each trial,
either through direct plating or enrichment culture. Denaturing gradient gel
electrophoresis analyses revealed changes in bacterial communities covered with FC as
compared to the control. Our results suggest that E. coli O157:H7 can be inactivated at
the compost surface using a physical covering such as FC, validating recommendations
made by the U.S. EPA and California’s Leafy Green Marketing Agreement.
The survival of E. coli O157:H7 at the compost surface after the application of
biological control methods was investigated under greenhouse and field conditions in the
final objective of the study. Under greenhouse conditions, the application of an 11-strain
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mixture of competitive exclusion (CE) bacteria was moderate effective in reducing E.
coli O157:H7 populations when compared to the control. In the field study, the three
biological treatments were: 1) a 5-strain cocktail of CE bacteria, 2) a two-strain cocktail
of anti-E. coli O157:H7 bacteriophages at a multiplicity of infection (MOI) of 100, and 3)
a two-strain cocktail of anti-E. coli O157:H7 bacteriophages at a MOI of 100 with 1%
dried lime added into the compost. Compost samples without the addition of a biological
treatment served as the controls. Day 1 post-treatment, E. coli O157:H7 population
reductions were ca. 0.6 and 1.5 log CFU/g greater in the bacteriophage treatment and the
bacteriophage with lime treatment, respectively, than those observed in the control.
Overall, pathogen persistence in the treatment samples followed this trend (from high to
low): CE>control>phage>phage+lime. The CE treatment allowed an initial growth of E.
coli O157:H7 after it was applied to the compost. The data indicates that the application
of bacteriophages can result in the inactivation of E. coli O157:H7 at the compost
surface, and that the moisture content is critical in affecting its efficacy.
Overall, our studies show that use of the correct composting ingredient
mixture and alternative treatment methods can be implemented to ensure that pathogens
are controlled at all locations of the compost heap under field conditions.

iv

DEDICATION

I would like to give honor and glory to God for giving me the strength to
complete my dissertation. I would like to dedicate this work to my parents, Marion W.
Shepherd Sr. and Vertrell B. Shepherd, and my sister, Rashida JB Shepherd, for their
continued love, support and encouragement throughout my academic career. Without
Jesus Christ and my family this would not have been possible.

v

ACKNOWLEDGMENTS

I would like to sincerely thank my advisor Dr. Xiuping Jiang for her guidance,
encouragement, patience and the opportunity to learn under her tutelage. I would like to
thank Dr. Annel K. Greene, Dr. J. Michael Henson and Dr. Thomas A. Hughes for
serving as members of my dissertation committee, and for their guidance and support. I
would also like to thank Dr. Jinkyung Kim for serving as another mentor to me during
her post-doctoral appointment in our laboratory. I would like to thank all past and current
laboratory members I have worked with for their friendship and assistance. I would like
to thank all of my family and friends, especially Javone Richardson, W.J. Williams, Jr.,
and Cristin L. Carter for their unwavering love and support. Finally, I would like to
thank the funding agencies that made this research possible.

vi

TABLE OF CONTENTS

Page
TITLE PAGE ............................................................................................................... i
ABSTRACT ................................................................................................................ ii
DEDICATION ............................................................................................................ v
ACKNOWLEDGMENTS .......................................................................................... vi
LIST OF TABLES ..................................................................................................... ix
LIST OF FIGURES .................................................................................................... xi
CHAPTER
I.

LITERATURE REVIEW ........................................................................... 1
Current Agricultural Practices in Produce Production ........................... 1
Human Pathogens in Dairy Manure ...................................................... 3
Pathogen Survival in Soil ..................................................................... 7
Pathogen Contamination of Vegetables ................................................ 9
Important Composting Parameters .......................................................13
Methods and Guidelines of Composting ..............................................18
Composting Cattle Wastes...................................................................20
Other Factors Influencing Composting ................................................23
Treatment Methods With Potential Application to Compost ................24
References...........................................................................................29

II.

THE EFFECT OF VARYING CARBON-TO-NITROGEN (C:N) RATIOS
OF INITIAL COMPOSTING MIXTURES ON PATHOGEN
ELIMINATION IN UNTURNED DAIRY MANURE-BASED
COMPOST HEAPS ............................................................................37
Abstract...............................................................................................37
Introduction.........................................................................................38
Material and Methods ..........................................................................39
Results ................................................................................................44
Discussion ...........................................................................................50
Conclusions .........................................................................................55

vii

Acknowledgements .............................................................................56
References...........................................................................................57
Figure Legends ....................................................................................59
Tables and Figures ..............................................................................60
III.

EVALUATION OF PHYSICAL COVERINGS USED TO CONTROL
ESCHERICHIA COLI O157:H7 AT THE SURFACE OF COMPOST
HEAPS ...............................................................................................67
Abstract...............................................................................................67
Introduction.........................................................................................68
Material and Methods ..........................................................................69
Results ................................................................................................76
Discussion ...........................................................................................82
Conclusions .........................................................................................87
Acknowledgements .............................................................................88
References...........................................................................................89
Figure Legends ....................................................................................92
Tables and Figures ..............................................................................93

IV.

BIOLOGICAL CONTROL OF ESCHERICHIA COLI O157:H7 AT THE
SURFACE OF DAIRY MANURE-BASED COMPOST HEAPS...... 104
Abstract............................................................................................. 104
Introduction....................................................................................... 105
Material and Methods ........................................................................106
Results .............................................................................................. 112
Discussion ......................................................................................... 115
Conclusions ....................................................................................... 118
Acknowledgements ........................................................................... 119
References......................................................................................... 120
Figure Legends .................................................................................. 123
Tables and Figures ............................................................................ 124

V.

CONCLUSIONS .................................................................................... 130

viii

LIST OF TABLES

Table

Page

1.1

Produce outbreaks associated with possible fecal contamination ...............12

1.2

Microbial populations when composting under aerobic conditions ............16

1.3

Time necessary for composting depending on the implemented methods and
substrates used ....................................................................................19

1.4

US EPA biosolids rule time/temperature guidelines ..................................20

2.1

Initial abiotic and biotic parameters in field trial composting heaps ...........60

2.2

Moisture content of the compost samples in Trials 1 and 2 ........................62

2.3

Changes in Enterobacteriaceae populations during Trials 1 and 2 of
composting ...............................................................................................64

3.1

Initial abiotic and biotic parameters of the composting heaps ....................96

3.2

Combined internal and interface temperature data during composting .......97

3.3

pHs and moisture contents of compost heap samples .................................99

3.4

Bulk density and moisture content of finished compost coverings applied to
heaps in Trial 4 .................................................................................. 101

3.5

Composting days necessary for a 5-log reduction of Enterobacteriaceae. 102

3.6

P-values with potential correlation between E. coli O157:H7 and
Enterobacteriaceae populations in compost samples ......................... 103

4.1

Initial field study composting heap parameters ........................................124

4.2

Moisture content determinations of compost surface sample treatments .. 125

4.3

pH determinations of compost surface sample treatments ........................ 126

4.4

Changes in E. coli O157:H7 populations in composting sample treatments
under greenhouse conditions ............................................................. 127

ix

List of Tables (Continued)
Table
4.5

Page
Changes in E. coli O157:H7 populations in surface composting sample
treatments during the field study........................................................ 128

x

LIST OF FIGURES

Figure

Page

1.1

Phase changes during the composting process ...........................................15

2.1

Compost heap temperature profiles ...........................................................61

2.2

Amount of rainfall over Trials 1 (A) and 2 (B) ..........................................63

2.3

Survival of E. coli O157:H7 during composting in heaps with low (A), mid
(B) and high (C) C:N ratios in Trial 1, and low (D), mid (E), and high (F)
ratios in Trial 2. ...................................................................................65

2.4

Survival of Salmonella during composting in heaps with low (A), mid (B) and
high (C) C:N ratios in Trial 1, and low (D), mid (E), and high (F) ratios in
Trial 2.. ...............................................................................................66

3.1

Schematic depicting dimensions of compost heaps covered with finished
compost...............................................................................................93

3.2

Survival of E. coli O157:H7 at the interface between the physical coverings
and newly formed composting heaps in Trial 1 (A), Trial 2 (B), Trial 3
(C), and Trial 4 (D) .............................................................................94

3.3

Bacterial communities in compost samples under treatments in Trial 2 (A) and
Trial 4 (B) of composting. .................................................................95

4.1

Compost heap temperature profile ........................................................... 129

xi

CHAPTER ONE
LITERATURE REVIEW

Current Agricultural Practices in Produce Production
In food production, pathogens may contaminate food during the growing and
processing stages. This is especially true in the growing, harvesting, handling and
processing of fresh produce. Ensuring that fruits and vegetables are safe for consumption
is vitally important, as these foods are being increasingly consumed and are usually eaten
without being cooked. Measures such as 1) implementation of Hazard Analysis Critical
Control Points (HACCP) plans, 2) the use of irradiation on fruits and vegetables, 3)
reduce the contamination of foodborne pathogens in feeds (Coleman et al., 1995; Cohen
et al., 1998; Hafez, 1999; Curran, 2001; Crump et al., 2002; Scholthof, 2003), have been
a few of the many interventions used in an attempt to make fresh produce safe.
Plans, known as “Good Agricultural Practices” (GAPs), have been widely
implemented to limit the risks of fresh produce being contaminated on the farm during
the growing, harvesting and processing stages. Some of the GAPs include encouraging
good hygiene by increasing the availability of toilet facilities, using manure that has been
deemed pathogen-free, irrigating fields where produce is grown with pathogen-free
water, and creating barriers to keep wildlife and insects out or away from agricultural
fields (Delazari et al., 2006). Untreated wastes of human or animal origin, runoff
associated with those materials, and insects may all be sources responsible for the
contamination of produce during growing, harvesting and processing.
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Manures are commonly used as amendments in agricultural fields. Manure is
defined to be a mixture of animal feces, urine and other secretions, and bedding materials
(Himathongkham et al., 1999). The incorporation of manure has been shown to improve
physical characteristics of soil such as structure, permeability, bulk density and water
holding capacity (CAST, 1996). Additionally, manures are an excellent source of
nutrients beneficial for crop growth, such as nitrogen, phosphorous and potassium. Dairy
manure, in particular, contains 5 – 16, 2 – 16 and 2 – 31 pounds of nitrogen, phosphorus
(in the form of P2O5), and potassium (in the form of K2O) in non-liquid forms per ton,
respectively (Bates and Gagon, 1981).
Although the incorporation of raw manure in soil has benefits and is an accepted
practice, it is not recommended for produce production because manures harbor
pathogenic microorganisms that could allow for the direct contamination of produce and
water supplies if runoff is created. Manure from cattle is commonly incorporated into
soil before it has undergone treatment. Pathogenic bacteria such as Escherichia coli
O157:H7 and Salmonella spp. are commonly detected in cattle manure (Meng et al.,
2001; Wray and Davies, 2008). The National Advisory Committee on Microbiological
Criteria for Food (NACMCF) reported that E. coli O157 and Salmonella spp. were
identified as two major human pathogens responsible for foodborne illness outbreaks due
to produce consumption. Animals infected with these organisms are often asymptomatic
carriers – meaning that they exhibit no clinical signs of disease, and are expelled out of
the body through fecal matter.
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There have been many suggestions placed on the use of manure types used for
agricultural purposes. First, it is suggested that manures used in fields are not from cats,
dogs and pigs – as these manures can contain parasites pathogenic to humans (Williams
and Williams, 1994). Additionally, if manure is to be used as fertilizers, the manure
should be introduced into the soil before planting, and the manure-fertilized soils should
be turned periodically to reduce pathogen presence (JIFSAN, 2002). Guidelines for
organic farmers are stricter than conventional farmers, as organic farmers cannot use
synthetic fertilizers in crop propagation. The United States Department of Agriculture –
National Organic Program (USDA NOP) recommends that when growing produce where
edible portions of the commodity do not come in contact with the soil, manure must not
be applied to the soil within 90 days of harvesting, whereas the period is 120 days before
harvest when edible portions do come in contact with the soil surface (USDA NOP,
2002).

Human Pathogens in Dairy Manure
An estimated 335 million tons of dried cattle manure are produced each year in
the United States (USDA, 2006). As previously stated dairy manure can be a beneficial
agricultural material, as it contains many nutrients which can be utilized by plants when
growing fruits and vegetables. These manures also pose a great danger as manure is a
major source of pathogens that may contaminate produce – two important species are
discussed below.
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Salmonella spp.
Salmonella spp. are Gram-negative, facultatively anaerobic, rod-shaped members
of the family Enterobacteriaceae. There are over 2,500 non-typhoidal Salmonella
serotypes and they are commonly associated with various birds, reptiles, insects and
mammals (Mølbak et al., 2006). Salmonella infections are one of the most common
foodborne illnesses contracted in the United States each year. Although there are
numerous Salmonella serotypes, human salmonellosis are most commonly caused by the
serotypes Typhimurium, Enteritidis, Newport, Heidelberg and Javiana (CDC, 2006).
Transferred through the fecal-oral route of transmission, it is reported that as few as 10
cells can cause infections. This is dependent, however, on the serotype and the function
of the host’s immune system (Mølbak et al., 2006). The virulence factors associated with
Salmonella are thought to be an enterotoxin which causes diarrhea, a pathogenicity island
which house genes that cause inflammation when activated, and a plasmid which
contains genes associated with systemic infections when activated. Some researchers
reported that manure contains Salmonella at populations of up to 107 CFU/g (Pell, 1997).

E. coli O157:H7
Like Salmonella, E. coli O157:H7 is a Gram-negative, rod-shaped, facultatively
anaerobic organism that is a member of the family Enterobacteriaceae. It does not
ferment sorbitol and is commonly associated with ruminant animals, even though it has
been isolated from sources such as pigeons, raccoons and flies (Shere et al., 1998). The
pathogen is transmitted through the fecal-oral route and was first identified as a human

4

pathogen in 1982. Classified as a group of E. coli known as enterohemorrhagic E. coli
(EHEC), E. coli O157:H7 causes bloody diarrhea and can lead to a condition known as
Hemolytic Uremic Syndrome (HUS), an illness which can impair kidney function and
possibly cause death. E. coli O157:H7 is characterized by several virulence factors
which contribute to the danger of this bacterium. The major virulence factors in E. coli
O157:H7 are the shiga-like toxins, known as stx1 and stx2. These toxins are similar to
those found in the bacterium Shigella dysenteriae, and are encoded by bacteriophage
(Law, 2000). The shiga-like toxins can both be present, or either of the toxins can be
present. Another virulence factor which is important is the intimin outer membrane
protein. This protein is important because it allows attachment to human intestinal cells.
Additionally, a plasmid known as pO157 encodes for an enterohemolysin, which is
important because it lyses red blood cells, providing the bacterium with a source of iron
(Law, 2000). Along with the virulence factors, E. coli O157:H7 is also known to be acidtolerant. This is a significant characteristic because it allows the pathogen to survive in
the gastrointestinal tract. Due to the virulence factors, it is though that the infectious dose
of E. coli O157:H7 can be as low as 10 cells.
E. coli O157:H7 is present in the feces of cattle, but often its carriers are
asymptomatic of infection. The bacterium was detected at populations less than 10 2 up to
105 CFU/g of manure in a survey of fecal samples from cattle of different ages (Zhao et
al., 1995). E. coli O157:H7 shedding is discontinuous and is thought to vary based on
cattle age, diet and seasonal variations. Zhao et al. (1995) reported that pre-weaned
calves were less likely to shed E. coli O157:H7 in their feces than weaned claves.
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Heuvelink et al. (1998) reported that of cattle of different ages sampled in their studied,
animals between the ages of 4 and 12 months in age tested positive for the pathogen at a
rate higher than any of the other ages of cattle in the study. It has been suggested that
younger cattle shed the organism in their feces more commonly than older cattle because
the rumen microflora is still developing in younger cattle, as a mature rumen environment
would limit the survival of the pathogen.
Regarding the influence of the diet on E. coli O157:H7 shedding, it was reported
that a diet consisting of soybean meal resulted in a decreased presence of the pathogen in
feces (Dargatz et al., 1997). Conversely, the consumption of barley and cattle on feed for
less than 20 days were factors resulting in increased shedding of the pathogen. Diets
high in fiber and low in nutrients are suspected to raise the pH in the rumen, resulting in
conditions favorable for pathogen survival (Heuvelink et al., 1998). Interestingly, the use
of distiller’s grain as a feed additive has been associated with a high prevalence of E. coli
O157:H7 (Jacob et al., 2008). It is suggested that the distiller’s grain alters the
environment of the intestinal tract.
Chapman et al. (1997) reported that detection of E. coli O157:H7 in cattle feces
was lower during the winter as compared to the summer. This trend was also observed
by Heuvelink et al. (1998), as they reported that the pathogen was shed most between the
months of July and September over any other periods investigated. It was hypothesized
that higher detection of the pathogen in manure during the warmer months coincided with
animal grazing in manure-contaminated pastures.
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Pathogen Survival in Soil
Because it has been shown that human pathogens exhibit various degrees of
survival in soils, it is important to have a period of time after manure incorporation into
the soil before either planting or harvesting,. In a laboratory study, Lau and Ingham
(2001) reported that E. coli survived better than Enterococci after cow manure had been
incorporated into both loamy sand and silty clay loam soils after 12 weeks when
environmental conditions were those that could be experienced during late spring to early
summer in Wisconsin. The results revealed that E. coli populations fell less than 1 log
CFU/g, whereas Enterococci populations declined by ca. 2.5 CFU/g over that time
period. Laboratory studies were performed in order to determine how autoclaved and
unautoclaved sandy loam soils would affect the survival of E. coli O157:H7 and Listeria
monocytogenes (Jiang et al., 2002; 2003) after the soils were mixed with contaminated
cow manure. Manures contaminated with each pathogen were mixed with soils at
different ratios, and stored at temperatures of 5, 15 and 21 oC. In the experiments
performed with E. coli O157:H7, survival was observed for at least 35 days in autoclaved
soils across all mixing ratios and storage temperatures. E. coli O157:H7 survived longer
(138 – 226 days) at 15oC than at 21oC (<103 – 193 days), depending on the soil to
manure ratio. When in manure-amended autoclaved and unautoclaved soils L.
monocytogenes was detected through 43 and 21 days, respectively, suggesting that
indigenous soil microorganisms have an impact on pathogen survival. Additionally, L.
monocytogenes survived for 14 days in manure-amended autoclaved soils, compared to
21 days in manure-amended unautoclaved soils when both were held at 21oC. The
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laboratory based studies are important because they provide baseline data for how these
pathogens survive under controlled conditions but do not accurately represent what may
occur under field conditions.
Field studies have also been performed to determine how pathogens survive in
soils under conditions found within the natural environment. Avery et al. (2004)
inoculated E. coli O157:H7 into bovine slurry and ovine stomach contents, and applied
those materials into surface and substitute soil cores. Analyses of soil samples revealed
that E. coli O157:H7 was detected at the completion of the study (8 weeks) in both the
surface and sub-surface samples, even though there was an evident population decrease.
When investigating how the use of bovine manure affects the bacteriological quality of
organic lettuce, the persistence of indicator organisms was analyzed in sandy loam soil
contaminated with manure (Johannessen et al., 2004). Two trials were performed in this
study, and the manures used were not artificially inoculated. Results from the study show
that E. coli and thermotolerant coliforms were detected in soil 1 and 41 weeks after
fertilization with firm manure and manure slurry in trials 1 and 2, respectively. In a study
comparing the survival of multidrug resistant and drug susceptible strains of Salmonella
Newport in soil contaminated with dairy manure, it was reported that both strains
exhibited the same survival patterns. Detection of both Salmonella strains occurred
through direct plating 107 and 158 days in manure mixed with non-sterilized and
sterilized soils, respectively (You et al., 2008).
The studies above indicate that the pathogenic and indicator bacteria experience
extended survival in soils under field conditions. Importantly, the studies also indicate
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that factors such as soil microbial populations and temperatures influence pathogen
survival in soils, and illustrate the need for a waiting period or treatment before manures
are applied to land.

Pathogen Contamination of Vegetables
In the preharvest environment there are many routes through which produce may
become contaminated with foodborne pathogens. Sources such as soil, irrigation water,
wild animals and improper human handling may all be mechanisms that can introduce
pathogens onto produce in the field (Beuchat et al., 1997; Doyle and Erickson, 2008).
Importantly, studies have shown that fields fertilized with fresh or inadequately
composted manure may result in produce contamination. Ensuring that soil amendments
and fertilizers are safely applied to agricultural fields is important in both conventional
and organic farming. However, organically grown produce may be at a greater risk for
pathogen contamination, as synthetic fertilizers are barred from use. As a result, animal
manures are commonly used as a soil amendment.
The fate of artificially contaminated E. coli O157 and Salmonella on leafy and
root vegetables after being grown in manure-incorporated soil has been investigated.
These studies, performed under controlled conditions in either a greenhouse or growth
chamber, have shown varying results involving the contamination of the produce. E. coli
O157 was present on the surfaces of carrots and onions, and S. Typhimurium was
detected on radishes and arugula at harvest, even though manure was applied to the soils
in which they were being grown 7 to 17 weeks prior to harvest (Natvig et al., 2002; Islam
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et al., 2004). Franz et al. (2005) found that E. coli O157 was detected in a root sample of
a lettuce plant that was grown in manure-amended loamy soil. These results suggest the
possibility of pathogens being internalized by being taken up through the roots of the
plants and traveling through the vascular system to the edible part of the plant. However,
there is conflicting evidence on pathogens association with plant roots, as Johanessen et
al. (2005) reported that E. coli O157 was not detected in the roots, nor on the outer leaves
of edible lettuce parts at harvest after being grown in soil amended with cattle manure
containing 104 CFU/g E. coli O157.
Several studies have investigated the transmission of pathogens from animal
wastes to produce grown under field conditions. Islam et al. (2004 a-d) investigated the
survival of E. coli O157:H7 and S. Typhimurium on several different produce types
grown in soil incorporated with pathogen-contaminated manure-based compost. Using a
high initial inocula (107 CFU/g), E. coli O157 was detected at the harvest of onions,
lettuce, carrots and parsley 74, 77, 168 and 177 days after compost application,
respectively. Additionally, S. Typhimurium was detected at harvest on lettuce, radishes,
carrots and parsley 63, 84, 203 and 231 days, respectively, after initial application.
Loncarevic et al. (2005) reported that in a survey of organically grown lettuce (n=179),
while E. coli O157 and Salmonella were absent, Listeria monocytogenes and E. coli were
found on 2 and 16 samples, respectively. These studies demonstrated that the
contamination of produce with foodborne pathogens was influenced by factors such as
microbial competition, lack of nutrients, soil type and plant type.
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The table below shows produce outbreaks that are related to direct or indirect
contamination of vegetables with animal manure:
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Table 1.1: Produce outbreaks associated with possible fecal contamination (adapted from Jiang and Shepherd, 2009)
Pathogen

Product
Contaminated

Location(s)

Number of Cases

Year

Comments

Reference(s)

Escherichia coli
O157:H7

Potatoes

UK

24

1985

Cow manure contamination of potatoes was implicated in pathogen transmission

Morgan et al., 1988

UK

8

1995

Lettuce

USA – MT, WA

92

1995

Alfalfa sprouts

USA – MI, VA

108

1997

Mesclun lettuce

USA – CT, IL

49

1996

Manure was used as a fertilizer for growing potatoes; however, the pathogen was not detected on potatoes
during the environmental investigation
Possible routes of contamination include: treating fields with improperly aged cattle manure based compost,
application of cattle manure contaminated irrigation water, direct or indirect exposure to ruminant feces
Seeds were possibly contaminated by cattle manure from nearby feedlots, deer feces, or fecally contaminated
irrigation water
Cattle were found near the fields where lettuce was grown

120

2005

Fecal contaminated irrigation water application to lettuce crop was implicated as transmission vehicle

Söderström et al., 2005

Spinach

Sweden
USA – AZ, CA, CO, CT, ID, IL, IN, KY, MD, ME,
MI, MN, NE, NM, NV, NY, OH, OR, PA, TN, UT,
VA, WA, WV, WI, WY
USA – ME

205

2006

Direct and indirect contamination with animal feces. Outbreak strain from spinach matched those from cattle
and feral swine feces at one ranch suspected of producing contaminated spinach

CDC 2006; FDA, 2006

4

1992

Vegetable garden was fertilized with cow manure and the pathogen was isolated from the manures soil

Cieslak et al., 1993

USA – MA

23

1991

Dropped apples were used in making cider, and cattle raised near where apples were picked

Besser et al., 1993

USA – CA, CO, WA; Canada

56

1996

Dropped apples in an orchard where cattle and deer feces was present were used in juice production

Canada

14

1998

Dropped apples were used in juice production after cattle had been kept in the orchard before harvesting

Farber 2000

Vegetables
Apple juice
(unpasteurized)

Chapman et al., 1997
Ackers, et al., 1998
Breuer et al., 2001
Hilborn et al., 1999

CDC 1996; Cody et al.,
1999
Tamblyn et al., 1999

USA – OK

7

1999

Alfalfa Sprouts

USA – AZ, MI; Finland

242

1995

Alfalfa and clover
sprouts

USA – CA

60

1997

Cantaloupes

USA – CA

24

1997

USA – CA, CO, NM, NV, OR, WA

47

2000

Dropped apples contaminated with domestic and/or wild animal manure used in juice production
Exact route of contamination is unknown, author suggests contamination route is through exposure to feces from
rodents, birds or other animal pre- or post-harvest
True contamination source is unknown. Seeds were thought to have been contaminated through use of
contaminated fertilizers and non-potable water on seeds, or grazing livestock in seed harvesting areas
Product was produced in a foreign country, so a traceback environmental investigation was not performed.
Authors spectulated product was contaminated through surface contamination by birds, rodents or untreated
manure
Pre-harvest application of cantaloupes with irrigation water contaminated with sewage was implicated

USA – AZ, CA, OR, NV, WA
USA – AR, CA, CO, MN, MO NV, OR, TX, VT, WA;
Canada

50

2001

As above

CDC, 2002

58

2002

As above

CDC, 2002

Tomatoes

USA – IL, IN, KY, MA, MI, OH, PA, WV

82

2005

Orange juice
(unpasteurized)

USA – FL

62

1995

Coleslaw

Canada

41

1981

Cabbage used in the coleslaw was grown in field where raw and composted sheep manure were applied

Schelch et al., 1983

Lettuce

Finland

47

1998

Deer fecal matter was heavily present in lettuce fields, and irrigation water sources

Pekka Nuorti et al.,
2004

Carrots

Finland

76

2003

Contamination was thought to have occurred due to exposure to wildlife feces during storage

Jalava et al., 2006e

Vibrio cholerae
Cryptosporidium
parvum

Cabbage
Unpasteurized apple
juice

Peru

71

1991

Farmers commonly irrigated crops with untreated sewage

Swerdlow et al., 1992

USA – ME

160

1993

Manure contamination likely, Cryptosporidium oocysts detected in calf feces on farm

Millard et al., 1994

Hepatitis A

Salad items

Finland

30

1996

Two separate outbreaks occurred during the same time interval. Imported salad products treated with
contaminated irrigation water identified as transmission vehicle

Pebody et al., 1998

Salmonella

Listeria
monocytogenes
Yersinia
pseudotuberculosis

Contamination was thought to have occurred from contaminated irrigation water or animal droppings. Animal
feces was present in and around drainage ditches where tomatoes were grown
True source of pathogen was unknown; dropped oranges used in juice production. Possible contamination
routes include direct orange contact with animals, or transmission through soil, contaminated irrigation water, or
improperly treated manure used as fertilizer
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Mahon et al., 1997
Mohle-Boetani et al.,
2001
Mohle-Boetani et al.,
1999
CDC, 2002

CDC, 2007
Cook et al., 1998

Important Composting Parameters
Composting is formally defined as a process where organic wastes are
biologically degraded under aerobic conditions, resulting in the production of water,
carbon dioxide, ammonia, heat, and humus-like material consisting of microorganisms,
non-biodegradable inorganics and organic compounds that are resistant to rapid
biodegradation (Glanville and Trampel, 1997). When the composting process is
successful, pathogens, viruses, weed seeds and nematodes are all inactivated (Misra et al.,
2003).
Various substrates can be used during composting; however there are guidelines
published by universities and governmental agencies which suggest ranges for certain
initial composting parameters to ensure that composting is successful. One major
parameter is the carbon-to-nitrogen (C:N) ratio. It has been stated that a C:N ratio in the
range of 20:1 – 40:1 is acceptable for composting, while 25:1 – 30:1 is optimal. The
balance of carbon and nitrogen is important in composts, as these elements present in the
proper balance stimulates microbial activity as carbon is utilized for energy and growth,
while nitrogen is used for protein synthesis and the production of genetic material.
Composting will not progress in an efficient manner if this balance is incorrect.
The moisture content of the material to be composted is another parameter that
should be closely monitored before the onset of composting. Moisture contents in the
range of 40 – 65% are considered to be acceptable, whereas 50 – 60% is preferred for
composting (Sherman, 2005). Composts with too little moisture are broken down
inefficiently, as the microorganisms do not have enough available water to thoroughly
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metabolize nutrients. However, materials that are overly saturated with moisture
compost slowly, as excess moisture decreases air spaces within the composting heap,
creating anaerobic conditions.
Bulk density is another parameter that can cause anaerobic conditions to develop
within the compost heap. It is the measure of the density of the material being
composting, including the air spaces. The bulk density of the composting heap can affect
how heat is distributed throughout the heap, which could affect pathogen inactivation.
Heap size and pH are other factors which can influence the composting process. Heap
size is an important factor in composting, and is dependent on the amount and types of
materials used, and particle sizes of the materials being composted. Heaps that are too
small in size will not retain heat well, and may subsequently allow for the persistence of
pathogens due to the lack of a thermophilic composting phase. Heaps too large may
catch fire due to the accumulation of heat inside of the heaps. In regards to pH, the
optimal range for composting is said to be 6.5 – 8.0. However, the number of
microorganisms which are involved in composting allows for the progression of the
process without disruption even though the pH may fluctuate (Cochran and Carney,
2006). The pH cannot drop too low, however, as pHs in the acidic range may retard the
onset of the thermophilic composting phase (Sundberg et al., 2004).
Substrates used in composting may vary depending on the bulking properties and
nitrogenous sources. The composting process, regardless of the materials used, can be
characterized by the following three phases when performed under acceptable conditions:
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mesophilic, thermophilic, and cooling/maturation. The figure below gives a depiction of
how the composting process progresses under appropriate conditions:

Figure 1.1. Phase changes during the composting process (Smith, 1992)

The mesophilic phase is characterized by moderate temperatures and, under
acceptable initial composting conditions, should be short (lasting for only a few days).
The microorganisms during this phase are responsible for the initial heating observed in
the composting mass by degrading readily available nutrients. Easily degradable
carbohydrates, under aerobic conditions, are broken down and carbon dioxide, water and
heat are released as byproducts of that metabolic conversion of nutrients. The
thermophilic phase of composting follows the mesophilic phase, and is most important
for pathogen inactivation. This phase is characterized by high temperatures (>40 oC) and
can last from several days to more than a month, depending on the compost management
practices implemented and heap size. At temperatures greater than or equal to 55 oC for a
period of time, human and plant pathogens, weed seeds, and fly larvae can be inactivated
within the heaps. During this phase, fats, proteins and complex carbohydrates (structural

15

nutrients from plant materials) are degraded at an accelerated pace due to the high
temperatures. Microbial populations during this phase are dominated by the genus
Bacillus, and related organisms. Additionally, increased populations of Actinomycetes
are also observed. As the high energy nutrient sources are depleted, the composting
process moves into the cooling/maturation phase. During this phase mesophilic
microorganisms (bacterial and fungal) begin to repopulate the composting mass, and less
accessible nutrients are digested. The cooling/maturation phase can last up to several
months. The estimated numbers of microbial populations observed during composting
can be seen in the table below:

Table 1.2: Microbial populations when composting under aerobic conditions (adapted
from Haug, 1993)

Bacteria

Mesophiles
Thermophiles
Actinomycetes
Thermophiles
Fungi
Mesophiles
Thermophiles
a
Microbial populations, CFU/g compost.

Mesophilic
108a
104
104
106
103

Composting phase
Thermophilic
106
109
108
103
107

Cooling
1011
107
105
105
106

There have been several investigations conducted to identify the communities
present during the different phases of the composting process. Ishii et al. (2000) and
Nakasaki et al. (2005), performed studies attempting to identify microbial populations
using denaturing gradient gel electrophoresis (DGGE) and restriction fragment length
polymorphism (RFLP) analysis, respectively. Ishii et al. (2000) investigated the
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microorganisms involved in the composting of garbage, and found that during the
thermophilic phase of composting organisms belonging to the genus Bacillus were
predominant. Further analyses revealed that organisms which could degrade complex
carbohydrates emerged during the cooling phase, and the initial and final microbial
communities of the material composted differed vastly. Using dog food as an organic
substrate substitute, Nakasaki et al. (2005) reported that Bacillus was the predominant
genus when compost temperatures were highest.
Analyses of the phospholipid fatty acid contents of microbes have also been
performed and used to characterize microbial communities in composts. Using gas
chromatography – fatty acid methyl ester (GC–FAME) analysis, Ryckeboer et al. (2003)
reported that the genus Bacillus was most prevalent, especially during the thermophilic
phase, when composting fruit, vegetable and garden wastes. Stegar et al. (2005)
composted organic household wastes with wheat straw and reported that the genera
Bacillus and Thermus were commonly detected during the thermophilic phase.
Researchers composting poultry manure with either rice husks or rice bran inferred that
Bacillus species were detected from the thermophilic phase through the end of
composting (Kato et al., 2005).
Regardless of the method used, it is evident that the thermophilic phase of
composting is dominated by organisms of the genus Bacillus. This finding is reasonable
as these organisms are found over a wide range of environments, suggesting that these
microbes contribute to the thermophilic phase. Importantly, Ishii et al. (2000) and
Ryckeboer et al. (2003) have reported that members of the genus Bacillus, various Gram-
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positive and Gram-negative organisms, and fungal species were detected after the
completion of the thermophilic phase of composting.

Methods and Guidelines of Composting
Passive heaps, static aerated heaps, windrows and in-vessel systems are the most
common methods implemented when composting wastes. Passive and static aerated
composting both involves the mixing and stacking of materials to be composted into
mounds which are referred to as heaps. These methods differ, however, as passive heaps
are maintained very little, whereas static aerated heaps are maintained through forced
aeration and/or frequent mechanical turning through the use of a frontend loader or skid
steer (Sherman, 2005). Windrow composting involves regular mixing, and forming of
long, narrow heaps (Sherman, 2005). Composting methods that use containers, or
enclosed staging area for composting are known as in-vessel composting systems
(Cochran and Carney, 2006). In-vessel systems may include the use of the mechanical or
forced aeration of the materials to be composted to drive the composting process. The
table below describes time frames which may be necessary for composting using the
methods described above.
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Table 1.3. Time necessary for composting depending on the implemented methods and
substrates used (Rynk, 1992).
Active composting time
Method

Materials

Range

Typical

Curing time

Passive composting

Leaves

2 - 3 years

2 years

-

Well-bedded manure

6 months to 2 years

1 year

-

Windrow – infrequent turninga

Leaves

6 months to 1 year

9 months

4 months

Windrow – frequent turningb

Manure + amendments

1 - 4 months

2 months

1 - 2 months

Passively aerated windrow

Manure + bedding

10 - 12 weeks

-

1 - 2 months

Fish wastes + peat moss

8 - 10 weeks

-

1 - 2 months

Sludge + wood chips

3 - 5 weeks

4 weeks

1 - 2 months

2 - 4 weeks

3 weeks

1 - 2 months

3 - 8 days

-

2 monthsc

1 - 2 weeks

-

2 monthsc

Aerated static pile
Rectangular agitated bed
Rotating drums
Vertical Silos

Sludge + yard waste or
manure+ sawdust
Sludge and/or solid
wastes
Sludge and/or solid
wastes

a

For example, with bucket loader.
For example, with special windrow turner.
c
Often involves a second composting stage (for example, windrows or aerated piles).
b

Governmental agencies in the United States have formulated guidelines in which
composting should be performed properly to ensure that composts produced do not
contaminate the environment and food supplies with pathogenic agents. When
maintained under appropriate conditions, composting is considered a “process to further
reduce pathogens” (PRFP), by the US Environmental Protection Agency (EPA; EPA,
1994). As such, composting is indirectly regulated by the EPA under the Code of Federal
Regulations Title 40 Part 503 Biosolids rule. The EPA regulation states that for an
amendment to obtain a Class A designation, which indicates that pathogens are below
detectable levels, static aerated compost heaps or in-vessel composters should be
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maintained at 55oC for 3 days, whereas windrows should reach 55oC for 15 days with a
minimum of 5 turnings (EPA, 1994). The United States Department of Agriculture –
National Organic Program recommends for growers to ensure that the composts maintain
temperatures in the range of 55 – 77oC for the time intervals directed under the EPA
biosolids rule for both static aerated heaps and windrows. The guidelines of the EPA
biosolids rule found in the table below.

Table 1.4: US EPA biosolids rule time/temperature guidelines
Composting
method
Static aerated heap
Windrow

Time/Temperature guidelines

Bacterial limits

≥55oC for consecutive 3 days
≥55oC for 15 days with 5 turnings

<1000 MPN E. coli in 1 g compost AND <3 MPN Salmonella in
4 g compost

Composting Cattle Wastes
As cattle wastes are commonly loaded with manures, composting is a method that
has been used to effectively treat wastes. Many of the studies have been performed in
laboratory-scale bioreactors which investigate how foodborne pathogens are inactivated
during composting. The inactivation of E. coli O157:H7 and Salmonella was studied
when composting a cow manure – sawdust mixture (Lung et al., 2001). In their study,
bioreactors were held at external temperatures of 25 and 45 oC, and aeration was forced
into the bioreactor to stimulate composting. Populations of the foodborne pathogens
remained constant at 25oC, whereas E. coli O157:H7 and Salmonella populations fell
below limits of detection after 3 and 2 days of composting, respectively, when incubated
at 45oC. Jiang et al. (2003) examined the fate of E. coli O157:H7 in bovine manure when
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composted in bioreactors held at 21 and 50oC. At initial populations of 107 CFU/g, E.
coli O157:H7 was detected at all sampling locations after 36 days when held at 21 oC. In
contrast, the bioreactor held at 50oC allowed for the inactivation of the pathogen by day
14 at all locations of the bioreactor. In a comparison of the fate of laboratory-grown and
natural bovine-derived E. coli O157:H7 isolates during the composting of bovine manure,
Hess et al. (2004) reported that laboratory-grown strains were more heat resistant than the
bovine derived strains, as 180 degree-days were required for the elimination of the bovine
derived strains, and 300 degree-days for laboratory-grown strains.
Laboratory-based studies are useful as they provide baseline data necessary to
have an idea as to how pathogens survive during composting. These data can have
limited usefulness, though, as laboratory conditions are well-controlled and bioreactors
used to perform the experiments are often held at high external temperatures in order to
stimulate composting (Lung et al., 2001; Jiang et al., 2003). Therefore, field studies are
necessary in order to validate the data of laboratory-based studies, and to observe how
composting occurs under real-world conditions. Larney et al. (2003) composted manure
from beef cattle with barley straw and wood chips ad monitored total coliform and E. coli
populations over two Canadian summers (1998 and 1999). The researchers reported a 3
log CFU/g reduction of the target bacteria even though temperatures only reached a
maximum of 41.5oC in the heaps. The carbonaceous source used in composting was
reported to have had no significant effect on the survival of the target bacteria, and E. coli
populations fell below detectable levels after 45 and 7 days of composting in 1998 and
1999, respectively. Farmyard dairy manure was inoculated with E. coli O157:H7,
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Salmonella, and Listeria and composted in both passive and static aerated heaps
(Nicholson et al., 2005). In the passive static heaps E. coli O157:H7, Salmonella and
Listeria survived for 8, 4 and 4 days, respectively. Furthermore, these researchers
reported that there were no significant differences in the survival of the foodborne
pathogens in the aerated and non-aerated heaps. Hutchison et al. (2005) reported that E.
coli O157:H7 survived for 32 and 93 days in heaps of beef and dairy manure,
respectively. Shepherd et al. (2007) reported that E. coli O157:H7 survived for less than
5 and 21 days at initial populations of 105 and 107 CFU/g, respectively, inside of dairy
manure-based composting heaps. At initial populations of 106 – 107 CFU/g, shiga-toxin
producing E. coli survived for up to 23 days at the core of passive and static aerated
composting heaps (Fremaux et al., 2007). In an investigation of the survival of heatshocked and non-heat-shocked cultures of E. coli O157:H7 and Salmonella over two
trials, it was revealed that low temperatures during the mesophilic phase in the heaps
allowed the extended survival of both foodborne pathogen treatments within the heaps
(Shepherd et al., 2010). At high internal temperatures, the heat-shock pathogens survived
longer than the non-heat shocked cultures, although the difference was not statistically
significant.
The field studies presented above have demonstrated that composting may result
in the inactivation of indicator and pathogenic bacteria. In these studies, increased
temperatures were identified as the cause of the pathogen inactivation in these studies.
The importance of the temperature in the composting heaps was illustrated by studies
performed by Shepherd et al. (2007) and (2010), which revealed that if the compost
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surface is undisturbed, E. coli O157:H7 and Salmonella may experience extended
survival under environmental conditions. Additionally, based on the studies above, it is
clear that the composting methods, manure type, heap size, seasonality and initial
pathogen populations are all factors which may influence how quickly pathogens are
inactivated at all locations of the compost heap.

Other Factors Influencing Composting
Elevated temperatures within the compost heap are generally regarded as the most
important factor resulting in pathogens abatement in compost. Other mechanisms, such
as ammonia gas (Himathongkham et al., 1999), desiccation (Redlinger et al., 2001) and
microbial antagonism (Ichida et al., 2001) may all play some roles in contributing to a
reduction in pathogen populations during composting.
When composting wastes in real-world applications, it is also important to realize
that the people responsible for composting may not be aware of the guidelines and
suggested practices for composting. A survey of fruit and vegetable growers revealed
that there was a lack of knowledge of waste management practices for manure and
compost application on-farm (Rangarajan et al., 2002). As a result, composts can be
created that are suboptimal in relation to the initial C:N ratio and/or moisture content
which could delay or prevent the onset of thermophilic composting.
Composts with suboptimal C:N ratios (<20:1) have slower temperature increases
and lower maximum temperatures (Huang et al., 2004), along with shorter thermophilic
phases than composts with C:N ratios ranging from 25 – 30:1 (Huang et al., 2004; Zhu,
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2007). While composting animal wastes under mesophilic conditions has been effective
in reducing mass (Tang et al., 2007) it has been shown to be ineffective in reducing
populations of fecal coliforms (Turner, 2002). As fecal coliforms are commonly used as
indicators for pathogen presence, it can be assumed that E. coli O157 and Salmonella
would persist in animal waste-based compost under mesophilic conditions. Although
ensuring the proper C:N ratio being used when composting is extremely important, there
is a dearth of information in the literature regarding how initial C:N ratios influence
pathogen inactivation in compost heaps. When composting cow manure in a laboratoryscale bioreactor at different C:N ratios, Erickson et al. (2009) reported that Salmonella
was more rapidly inactivated at a C:N ratio of 20:1 compared to 40:1, although the 40:1
mixture achieved significantly higher temperatures. Clearly, there are many factors
affecting pathogen inactivation in addition to elevated composting temperatures.

Treatment Methods with Potential Application to Compost
Currently, there are other options for waste treatment other than composting that
would result in the inactivation of pathogens. Pasteurization, a treatment method
commonly used to reduce the populations of spoilage and pathogenic microorganisms in
foods, has been shown to be an effective method in manure treatment. Speihs and Goyal
(2007) reported that the pasteurization of manure at 70oC for 30 minutes would
effectively reduce pathogens. Also, pasteurization at 90oC for 60 minutes has been
reported to result in the inactivation of vegetative bacteria and heat-resistant viruses
(Martens and Bӧehm, 2009). Although this method may successfully inactivate
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pathogens, it would not be economically feasible to implement as a sole treatment for
wastes for farm operations.
Another method that has been used to treat wastes and composts is known as
alkaline stabilization. This method involves the use of lime and/or coal fly ash to
increase the pH in the wastes, and the increase in the pH (usually above 12) indicates
conditions suitable for pathogen destruction due to ammonia volatilization. Wong et al.
(2001) revealed that the use of lime and coal fly ash into a biosolids mixture could result
in the elimination of total coliforms and Salmonella within 2 weeks when at initial
populations of ca. 4 and 3 log CFU/g, respectively. In an investigation of using alkaline
stabilization to treat pig manure, Wong and Selvam (2009) reported that after 8 days
populations of Salmonella, E. coli, fecal coliforms and fecal streptococci were reduced by
at least 6 log CFU/g, falling below limits of detection, when held at 45 oC. Although this
waste treatment method shows that it can result in pathogen elimination in biosolid
wastes and manures, the increase in pH indicates that ammonia gas is released, which can
cause odor problems and reduces the nitrogen availability if the resulting product were to
be used as soil amendment. Additionally, the high pH of the treated material could have
an adverse affect to the soil if it is incorporated as a fertilizer. Therefore, alternative
methods must be investigated to ensure that composts are being produced that are free of
pathogens and will not adversely impact the environment.
For static aerated composting, the use of insulating materials has been
recommended to keep compost temperatures up and help reduce odor emissions from a
compost pile (EPA, 2009; LGMA, 2010). Physical covering becomes even critical if the
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outdoor temperature is low since the heat from the composting heaps can dissipate
rapidly. This is important, as some composters may not have the equipment or other
resources to turn compost heaps regularly, a practice that results in lower heat generation
by microbial activities. The lack of exposure to elevated temperatures may be a major
contributing factor to the persistence of human pathogens at the compost surface. Curtis
et al. (2005) and Brito et al. (2008) both suggest that temperatures achieved during
composting with physical covering such as an insulated pool tarp and a permeable
polypropylene covering would be high enough to inactivate pathogens. Most research is
centered around the application of insulators to prevent the release of ammonia and/or
greenhouse gases (Sommer, 2001; Chadwick, 2005; Hansen et al., 2006; Maeda et al.,
2009). However, there are no valid scientific data available on how a physical covering,
especially using common farm materials such as finished compost or straw, might affect
pathogens at the compost surface. Therefore, it is important to develop and validate
practical strategies to inactivate pathogens on the surfaces of compost heaps which are
not maintained through frequent turning.
The use of competitive inhibitory microorganisms and lytic bacteriophages as
additives have been used on the farm to treat food producing animals, and both have been
shown to be effective in reducing pathogens in other applications. Isolated from a
poultry processing plant, Lactococcus lactis subsp. lactis and Enterococcus durans
successfully reduced populations of Listeria spp. present in floor drains of a poultry
processing plant with repeated applications in an enzyme-based foam (Zhao et al., 2006).
Zhang et al. (2007a) revealed that several strains of competitive exclusion bacteria,
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identified as Lactobacillus salivarius, with antimicrobial activity against Salmonella and
Campylobacter jejuni were isolated from intestinal parts of chicken. A follow-up study
by Zhang et al. (2007b) reported that when fed to newborn chicken before the birds were
challenged with Salmonella, L. salivarius reduced Salmonella detection in cecal wastes
by ca. 2 – 2.5 log CFU/chick. Also, Danyluk et al. (2007) reported that isolates
randomly picked from bovine feces, negative for the presence of Salmonella, had activity
against Salmonella serotypes Typhimurium DT104 and Newport in dairy manure.
Lytic bacteriophages, which are viruses that infect bacterial cells and cause the
bacterial cells to rupture, have been shown to be effective in controlling specifically
target pathogens. These highly-specific viruses are being investigated as control agents
for pathogens because they can be isolated from environments where harmful bacteria are
detected. Kudva et al. (1999) demonstrated that E. coli O157 specific phages were
effective at lysing the pathogen in vitro. When applied to the surfaces of broccoli,
tomato, spinach and ground beef, a three-strain cocktail of E. coli O157-specific
bacteriophages was reported to reduce pathogen on each of those food surfaces by ca. 2
log CFU/g. Additionally, Guenther et al. (2009) reported that 108 PFU/g or ml of Listeria
monocytogenes-specific bacteriophages reduced population of the pathogen by at least 5
orders of magnitude when applied to liquid and solid foods. Although competitive
exclusion bacteria and bacteriophages can be naturally found in the wastes that composts
are comprised of, there is a lack of information on the efficacy of these microorganisms
as methods to control pathogens within composting systems.
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Many small and medium-sized farms use composting as a method for waste
treatment without following the appropriate practices due to the lack of facilities and
equipment, manpower, and/or awareness of guidelines. Often, heaps are left unturned
which may result in uneven pathogen inactivation at different locations within the
compost heap. It is essential that strategies be enacted in order to optimize the
composting process for minimally maintained heaps.
Goals:
1. Evaluate the use of common on-farm materials as coverings for compost
heaps in order to inactivate pathogens at the compost surface.
2. Determine the impact of C:N ratio on pathogen destruction when
composting dairy manure in unturned heaps.
3. Study the use of competitive exclusion bacteria and bacteriophages as a
treatment to reduce pathogen presence at the compost surface.
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CHAPTER TWO
THE EFFECT OF VARYING CARBON-TO-NITROGEN (C:N) RATIOS OF INITIAL
COMPOSTING MIXTURES ON PATHOGEN ELIMINATION IN UNTURNED
DAIRY MANURE-BASED COMPOST HEAPS

Abstract
The survival of Escherichia coli O157:H7 and Salmonella enterica Typhimurium
at initial populations of ca. 7 log CFU/g was investigated in compost heaps at low
(<20:1), mid (25:1 – 30:1) and high (>35:1) initial carbon-to-nitrogen (C:N) ratios. Two
field trials were performed in this study, and pathogen survival was monitored at two
locations (surface and bottom) of each compost heap. The temperatures in each heap
were in the following order at each specified location: high C:N>mid C:N>Low C:N. E.
coli O157:H7 was no longer detected at the bottom location of the heaps after 30, 14, and
7 days, and 21, 21, and 7 days in the low, mid, and high C:N ratio heaps in Trials 1 and 2,
respectively. In Trial 1, Salmonella was not detected after 21, 14 and 7 days in the low,
mid and high C:N ratio heaps, respectively; as compared with non-detection after days
14, 3 and 1 of composting in the low, mid and high C:N ration heaps, respectively, in
Trial 2. Importantly, both E. coli O157:H7 and Salmonella were detectable at compost
surface on day 60 in each trial. The results indicate that the high initial C:N ratio of the
composting resulted in rapid pathogen inactivation if composting dairy manure in
unturned heaps. These data provides valid scientific evidence which can be used to
establish guidelines for animal manure composting.
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Introduction
Composting is a process which involves the breakdown of organic substrates by
microorganisms, resulting in a product that is a nutrient-rich soil amendment. It is
important to agriculture, as it has been shown to be effective in destroying weed seeds
and plant pathogens (Larney and Blackshaw, 2003). As a main ingredient of the compost
mixture, animal wastes, such as dairy manure, can harbor zoonotic pathogens such as
Escherichia coli O157:H7 (Chapman et al., 1997), Salmonella (Davies, 1997), Listeria
and Campylobacter (Hutchison et al., 2004), and protozoan cysts and oocysts (Van Herk
et al., 2004). The heat generated through microbial metabolism has been shown to be
effective in the abatement of the pathogens listed above (Ceustermans et al., 2007;
Erickson et al., 2009; Macklin et al., 2008; Shepherd et al., 2007).
In order for the composting process to proceed under optimal conditions, one of
the most important initial parameters that need to be controlled is the carbon-to-nitrogen
(C:N) ratio of the initial compost mixture. The balance of the carbon and nitrogen
sources is critical, as it can have a large impact on microbial metabolism during
composting. Carbon is essential to bacteria as it provides nutrients for energy and the
building blocks of biomass, whereas nitrogen is used in the synthesis of proteins and
genetic material for reproduction. Guidelines for composting indicates that a C:N ratio
ranging from 25:1 – 30:1 is optimal for composting (Sherman, 1999); although the
USDA National Organic Standards Board (NOSB) amended their previously published
guideline to state that composting can be successfully performed at C:N ratios ranging
from 15:1 – 60:1 (NOSB, 2002).
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Previous studies have shown that composting animal wastes at low C:N ratios
can have adverse effects on the composting process, resulting in lower maximum
temperatures (Huang et al., 2004) and shorter thermophilic phases (Zhu, 2007) when
compared to heaps with higher initial C:N ratios. Using a laboratory-scale bioreactor,
Erickson et al. (2009) examined the fate of Salmonella enterica serotypes Enteritidis and
Newport in cow-manure composts. These authors reported that those pathogens were
inactivated more rapidly in composts with lower rather than higher C:N ratios. However,
there is a need to verify many of the laboratory-scale studies with field-based studies, to
ensure that the trends observed in the laboratory also occur under real-world conditions.
The goal of this study was to determine how varying the initial C:N ratio affects
temperature evolution within the compost heaps, thereby influencing the survival of E.
coli O157:H7 and Salmonella Typhimurium in unturned dairy manure-based composting
heaps.

Materials and Methods
Experimental parameters of field composting trials: In this study, two
compost trials were performed over the following time periods: Trial 1 (February – April
2009) and Trial 2 (September – November 2009). In each trial, dairy manure, sawdust
(equal parts of soiled and fresh were used), wasted feed, and old hay were used as
constituents in the compost mixtures. The above materials were mixed in ratios of
3:1:4:1, 2:3:2:1, and 1:5:1:1 to target initial C:N ratios of ca. <20:1 (low), 25:1 – 30:1
(mid) and >35:1 (high), respectively. The compost heaps were mixed with the use of a
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frontend loader and formed into a conical shape with dimensions of 1.2 m high by 2.3 m
in width, as thermophilic conditions within compost heaps with these dimensions have
been previously demonstrated (Shepherd et al., 2007). The constructed compost heaps
were housed on two concrete slabs ca. 16 m long by 25 m wide, enclosed by a fence.
Preparation of bacterial cultures: Avirulent strains of green fluorescent protein
(GFP)- labeled E. coli O157:H7 [strain B6914, provided by Dr. Pina Fratamico, U.S.
Department of Agriculture (USDA), Agricultural Research Service, Eastern Regional
Research Center, Wyndmoor, PA] and rifampin-resistant (Rifr) Salmonella enterica
Typhimurium (parent vaccine strain 8243, provided by Dr. Roy Curtiss III, Washington
University, St. Louis, MO) were used as surrogates for pathogenic organisms in each
trial. A frozen stock of GFP-labeled E. coli O157:H7 was streaked on tryptic soy agar
(TSA) (Becton Dickinson, Sparks, MD) with 100 µg/ml of ampicillin (Sigma Chemical
Co., St. Louis, MO) (TSA-A), whereas Rifr S. Typhimurium was streaked on TSA
containing 100 µg/ml of rifampin (Fisher Scientific, Fair Lawn, NJ) (TSA-R). The
cultures were prepared as described previously (Shepherd et al., 2007), and adjusted in
sterile 0.85% saline to achieve at a final concentration of ca. 10 11 CFU/ml.
Compost sample preparation and positioning with the compost heaps: The
compost samples were prepared using a previously described method (Shepherd et al.,
2010). Briefly, resuspended cultures of E. coli O157:H7 and Salmonella were inoculated
separately into finished dairy compost at a ratio of 1:100 (volume:weight) and incubated
at room temperature overnight to acclimate the inoculated bacteria to the compost
environment. After overnight acclimation, portions of the inoculated compost were
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combined with separate portions of each fresh compost mixture at a 1:100 ratio
(weight:weight), thoroughly mixed using sterile gloves and inserted into Tyvek ® self-seal
pouches (8.89 by 13.33 cm, DuPont, Wilmington, DE), or polystyrene trays with vented
bottoms, using sterile spoons.
Compost sample bags were placed inside of the compost heaps at the bottom
location, which was 30 cm in height measured from the surface of the compost slab. This
location was chosen as it was revealed that this location had the lowest temperatures
within the heaps (Shepherd et al., 2007) when compost heaps were at the dimensions
used in this study. After constructing the heaps to the appropriate height (ca. 1.2 m),
samples in the polystyrene trays were placed on the top of the compost heaps and secured
through the use of thin strings and small bamboo stalks.
Compost heap maintenance, sampling, and temperature and oxygen content
measurements: The compost heaps in each trial were not maintained through turning or
any other form of aeration after the initial construction of the heaps. In both trials,
samples were collected on days 0, 1, 3, 5, 7, 14, 21, 30 and 60 of composting. After
removal from the heaps, compost samples were transported to the lab and analyzed
within 1 h. During each trial, temperature and oxygen measurements were recorded
using an OT-21 temperature and oxygen sensor (Demista Instruments, Arlington Heights,
IL) each day within first fourteen days of composting, and on each sampling day
thereafter.
Moisture content, pH, carbon-to-nitrogen (C:N) ratio, and ammonia and
volatile acid concentration determinations: Determinations of moisture content and
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pH were performed as previously described by Jiang et al. (2002). The C:N ratios of
duplicate samples of each initial compost heap mixture was analyzed by the Clemson
University Agricultural Services Laboratory. Ammonia concentrations were determined
using a method described by Weatherburn et al. (1967), whereas the concentrations for
volatile acids were performed using the Hach Dr/4000 procedure, method 8196,
according to the manufacturer’s instructions (Hach Company, Loveland, CO).
Microbiological analyses of compost samples: The methods used for the
enumeration of mesophilic and thermophilic bacteria, and the enumeration and
enrichment of E. coli O157:H7 and Salmonella used in this study were described in
Shepherd et al. (2010). Briefly, 25 g of each sample was added to 225 ml of universal
pre-enrichment broth (UPB; Acumedia manufacturers, Inc., Lansing, MI), and
homogenized in a filtered stomacher bag. Duplicate samples of each initial compost
mixture were diluted, spread-plated on TSA and incubated at 30 and 55oC for 24 h for the
enumeration of mesophilic and thermophilic bacteria, respectively. Concurrently, the
samples homogenized in UPB were incubated with shaking (100 rpm) for 24 h at 37 oC.
Aliquots of the universal enrichments were transferred to modified TSB (Becton
Dickinson) and Rappaport-Vasilliadis (RV) broth incubated for 24 h and streaked on
Sorbitol MacConkey Agar (SMAC; Becton Dickinson) and Xylose Lysine Terigtol-4
agar (XLT4; Becton Dickinson) for the detection of naturally-occurring E. coli O157:H7
and Salmonella, respectively.
Inoculated samples were also spread-plated on TSA-A and Xylose Lysine
Terigtol-4 agar (XLT4; Becton Dickinson) with rifampin (XLT4-R) for the enumeration
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of E. coli O157:H7 and Salmonella, respectively. The same samples were further
enriched in UPB, followed by selective enrichment in either TSB-A or RappaportVasilliadis broth with rifampin (RV-R), respectively, to detect E. coli O157:H7 and
Salmonella when use of the direct plating method was unsuccessful in the enumeration of
these pathogens. Populations of Enterobacteriaceae were detected in the samples by
pour plating, adding 1 ml aliquots of sample homogenates to molten Violet Red Bile
Glucose Agar (VRBGA; Becton Dickinson) in sterile Petri dishes. After solidification of
the molten agar, the plates were inverted and incubated at 37 oC for 24 h.
Statistical Analyses: All bacterial counts were converted to the log CFU per
gram of dry weight compost sample (log CFU/DWg). The PROC GLM procedure was
used to compare the populations of bacterial survival, moisture content, pH, and
ammonia and volatile acid concentrations at each location in compost heaps with each
initial C:N ratio. D-values and growth rates for each treatment were averaged and
statistically analyzed in order to determine if the isolates from the sample differed from
the laboratory stock cultures, which served as controls.
The PROC MIXED procedure was used to determine if the average pooled
temperatures at the monitored compost locations were statistically different. SAS version
9.2 (SAS Institute Inc., Cary, NC) was used to complete all statistical analyses performed
in this study.
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Results
Initial composting parameters: Two outdoor composting trials were performed
to evaluate the effect of C:N ratio on pathogen inactivation in unturned dairy manurebased compost heaps in two different seasons. Trial 1 was performed from February to
April 2009, whereas Trial 2 was performed from September to November 2009. During
composting average ambient temperatures, including highs and lows, ranged from -8 –
30oC and 2 – 33oC in Trials 1 and 2, respectively.
Initial biotic and abiotic parameters of the composting heaps constructed in both
trials are presented in Table 1. The compost heaps with the three initial C:N ratios were
constructed in both trials, representing low, mid and high C:N ratios as characterized by
the National Organic Standards Board (NOSB, 2002). In Trial 1, the moisture contents
of the heaps were higher than those in Trial 2 due to the large amount of precipitation the
materials were exposed to on-farm, two days before the composting trial was conducted.
Variations in initial moisture levels among compost heaps with different C:N ratios were
also observed due to the incorporation of dry sawdust to elevate carbon levels in heaps
with high C:N ratios. In the heaps where dry sawdust was added, water was added into
the heaps in an attempt to increase the initial moisture contents. The moisture levels of
the low and mid C:N ratio heaps in Trial 1 were slightly higher than what is considered to
be acceptable for composting, however all of the other heaps in the study were in the
acceptable range (40 – 65%) concerning the initial moisture content of the heaps. In Trial
1 the initial populations of mesophiles were ca. 1.1 log CFU/g higher than thermophile
populations in all three heaps, whereas mesophilic populations were 0.25 – 0.82 log
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CFU/g higher than thermophilic populations in Trial 2. The initial composting mixtures
in each trial did not have detectable populations of naturally-occurring E. coli O157:H7
and Salmonella spp.
Temperature measurements at locations within the compost heaps: Very low
ambient temperatures (<8oC) were experienced two days before and in the first two days
of Trial 1, which may have delayed the temperature rise within the heaps. In the low C:N
ratio heap (18.6:1), temperatures were <50oC during the entire trial at all monitored
locations. At the bottom location in the mid and high C:N ratio heaps, temperatures were
only ≥50oC for 2 days, which occurred during the second week of composting (Fig. 1A).
At the center location the temperature was above 50oC for 4 days in the mid and high
C:N ratio heaps, but never reached the 55oC threshold during the first trial.
Temperatures at the bottom location in the mid and high C:N ratio heaps were
≥55oC for 6 and 9 consecutive days, respectively, in the first two weeks of composting in
Trial 2. In the low C:N ratio heap at the bottom location, temperatures ≥50 oC were
maintained for 11 days, but never reached the 55oC threshold (Fig. 1B). In Trial 2 at the
center location, temperatures were ≥55oC for 5, 13 and 12 days in the low, mid and high
C:N ratio heaps, respectively, during the first two weeks of composting. At the center
location in the high C:N ratio heap, temperatures reached at least 60 oC for 5 days within
the same time period; this was not observed in any of the other heaps in the second trial
(Fig. 1B).
The statistical analysis revealed that temperatures at the center and bottom
locations among the low, mid and high C:N ratio heaps within the same trial were
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significantly differed (P>0.05) from each other in Trials 1 and 2 (Figs. 1A & 1B). The
temperatures in each heap were in the following order at each specified location: high
C:N>mid C:N>Low C:N. Temperatures at the center location of the heaps within each
trial also significantly differed (P>0.05) in both trials. Additionally, comparisons of
temperature data at the center and bottom locations in each trial revealed that
temperatures were significantly different (P>0.05) between those locations in each
treatment heap.
Sample pH, moisture content, ammonia and volatile acid concentrations: At
the compost surface, pHs of the samples gradually increased (up to 1.5 units), and then
dropped to levels at or below the original readings after 30 days of composting (data not
shown). At the bottom location within the heaps, slight changes in the pHs of the
samples were observed. Within 30 days of composting, pHs were lower than initial
levels as observed on selected sampling dates (data not shown).
The moisture content of the samples showed little variation from the onset of
composting through day 60 at the bottom location in each of the heaps during Trial 1,
except in the high C:N ratio heap on day 60. In Trial 2, decreases in the moisture content
of the samples at the bottom location of each heap were observed (7 – 14 days after the
onset of composting), with ca. 22.8%, 19.3% and 14.9% reductions in moisture observed
from the initial samples through the samples taken at day 60 in the low, mid, and high
C:N ratio composting heaps, respectively (Table 2). Fluctuations in the moisture contents
were observed at the surface of the composting heaps in both composting trials, which
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was due to periods of desiccation and precipitation that the composting heaps were
exposed to (Fig. 2).
The generation of both ammonia and volatile acids in compost were monitored in
Trial 2. Inside of the composting heaps, there was a rapid increase in the concentration of
ammonia within 1 day of composting. Elevated amounts of ammonia were detected for
at least 3 weeks in the samples at the bottom location in each of the Trial 2 composting
heaps (data not shown). There was an increase in the production of volatile acids soon
after the onset of composting, with the highest concentrations detected between days 7
and 14 of composting (data not shown) at the bottom location. However, there was no
apparent trend on the increase of ammonia and volatile acids among heaps with different
C:N ratios.
Survival of Enterobacteriaceae populations within the compost samples: The
populations of Enterobacteriaceae increased slightly from ca. 7.6 to 8.0 log CFU/g from
day 0 to day 1 in Trial 1 at the bottom location of the heaps (Table 3). From day 1
through day 21, there were reductions of ca 6.2, 8.1 and 7.9 log CFU/g of
Enterobacteriaceae at the bottom locations of the low, mid and high C:N ratio
composting heaps, respectively. Enterobacteriaceae populations ranged from ca. 8.6 –
8.7 log CFU/g compost on day 0 of composting in Trial 2. There were decreases in the
populations of this group of indicator bacteria of at least 7.7 log CFU/g from day 1
through 21 of composting, at the bottom location (Table 3). In both trials,
Enterobacteriaceae were detectable through direct plating at the end of the composting
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trial, with some possible regrowth of these microorganisms observed on some sampling
days during the trials.
At the compost surface in Trials 1 and 2, populations of Enterobacteriaceae
fluctuated but were generally higher than those in the samples at the bottom location,
particularly after two weeks of composting. From day 0 through day 60, reductions in
Enterobacteriaceae of ca. 0.4, 1.9 and 3.0 log CFU/g occurred in the low, mid and high
C:N ratio composting heaps in Trial 1, as compared to reductions of 4.5, 3.0, and 3.3 log
CFU/g in the low, mid, and high C:N ratio heaps, respectively, in Trial 2. Overall,
Enterobacteriaceae populations at the surface were ca. 0.6 – 4.3 log CFU/g higher than
those inside of the heaps.
Survival of E. coli O157:H7 in the compost heaps: The initial inoculated
populations of E. coli O157:H7 were in the range of 7.2 – 7.6 log CFU/g in the two
composting trials (Fig. 2). In Trial 1, E. coli O157:H7 populations decreased ca. 0.80,
1.60 and 1.60 log CFU/g within the first week, and were no longer detected through
enrichment after days 30, 14 and 7 in the low, mid and high C:N ratio composting heaps
at the bottom location, respectively. E. coli O157:H7 populations were reduced to
populations only detectable by enrichment by day 5 in each of the compost heaps in Trial
2, and was non-detectable after days 21, 21 and 7 in the low, mid and high C:N ratio
composting heaps, respectively.
At the compost surface, populations varied at the compost surface due to the
changes in the moisture of the compost samples after exposure to periods of desiccation
and precipitation. In Trial 1, regrowth of ca. 1.2, 2.1 and 1.8 log CFU/g occurred
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between days 14 – 21, 21 – 30 and 21 – 30 in the low, mid and high C:N ratio
composting heaps, respectively. Regrowth was also observed at the surface of compost
heaps in Trial 2. Between days 3 – 5 and 14 – 21, a 0.5 and 1.5 log CFU/g increase,
respectively, was observed at the surface of the low C:N ratio compost heap, whereas an
increase of ca. 0.20 log CFU/g was recorded in the mid C:N ratio heap between days 5
and 7 of composting. Significantly, on the final day of composting in both trials, E. coli
O157:H7 was detected on the surface of each of the heaps either through direct plating or
enrichment.
Survival of Salmonella in the compost heaps: Populations of Salmonella were
initially inoculated at levels in the range of 7.2 – 7.7 log CFU/g in the heaps of two
composting trials. Populations of Salmonella at the bottom location were last detected on
days 21, 14 and 7 of composting in the heaps with low, mid and high C:N ratio heaps,
respectively, during Trial 1 (Fig. 3). Similar to the trend observed with E. coli O157:H7,
Salmonella was inactivated more slowly inside of the composting heaps than on the
surface within 7 days of composting in Trial 1. In Trial 2, Salmonella was inactivated
most rapidly at the bottom location of the composting heaps with the high C:N ratio
composting heap becoming non-detectable by enrichment after day 1, as compared with
days 14 and 3 of composting, respectively, in the low and mid C:N ratio compost heaps.
In the two composting trials, regrowth of Salmonella did occur on some sampling
days, at the surface and within the heaps, as observed with E. coli O157:H7. Importantly,
Salmonella was also detected through enrichment in the surface samples of all of the
composting heaps monitored during this study on the final day of composting.
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Discussion
Composting is considered as a highly variable and heterogeneous process driven
by a succession of microbial activities. As many different constituents may be included
in composting mixture, it is important to have an appropriate balance of carbon and
nitrogen, as these elements are used as an energy source for the microorganisms in the
compost, and building blocks for cellular structures, respectively. This is particularly
important, as temperatures rise within the composting heap due to the heat that is
generated from microbial metabolism. Since, the C:N ratio can directly impact how
rapidly pathogens are inactivated within compost heaps, the C:N ratio is one of the most
critical factors that needs to be considered when composting is initiated.
Previous studies have demonstrated that when composting animal wastes at low
C:N ratios (e.g. 15:1) the progression of the composting process into the thermophilic
phase is slowed, the duration of the thermophilic phase is shortened, and lower
maxiumum temperatures were achieved during composting when compared to heaps with
higher initial C:N ratios (e.g. >30:1) under field conditions (Lafond et al., 2002; Zhu,
2007; Huang et al., 2009), or in laboratory-scale bioreactors (Erickson et al., 2009;
Erickson et al., 2009). In agreement with the previous studies, we observed that the low
C:N ratio heap experienced slower increases in temperature when compared to the mid
and high C:N ratio heaps (Fig. 1). The C:N ratios that are too low can cause a release of
ammonia into the atmosphere because the excess nitrogen is not utilized. This could
cause an increase in the pH. However, a C:N ratio that is too high can slow the
decomposition process because the low nitrogen present would limit microbial activity
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(Porter, 2009). Due to exposure to low ambient temperatures in Trial 1, increases of
temperatures inside of the compost heaps were very slow. While temperatures in the mid
and high C:N ratio heaps did reach levels ≥50 oC during the second week of composting
during Trial 1, the low C:N ratio heap did not reach levels greater than 45 oC during the
entire trial, particularly at the bottom location as it has been previously been shown to be
the location that has the coldest temperatures within the composting heap (Shepherd et
al., 2007, Shepherd et al., 2010). In comparison, in Trial 2 temperatures at the bottom
location of composting heaps with mid and high C:N ratios were ≥55oC for 6 and 9
consecutive days, respectively, in the first two weeks of composting, whereas
temperatures never reached that threshold in the low C:N ratio heap over that same time
interval. As such, the results from this study demonstrate that composting manures at
low C:N ratios may lead to an extended mesophilic phase during composting, especially
during periods where ambient temperatures are low.
Erickson et al. (2009a; 2009b) has reported studies examining the impact of the
initial C:N ratio on the fate of Salmonella, E. coli O157:H7 and Listeria during
composting in a laboratory –scale bioreactor. When composting cow manure-based
composts at initial C:N ratios of 20:1, 30:1 and 40:1, E. coli O157:H7 was more rapidly
inactivated in the 20:1 C:N formulation compared to those at 30:1 and 40:1, even though
the temperatures achieved in the composts were not significantly different (Erickson et
al., 2009b). In a similarly constructed study, Erickson et al. (2009a) also reported that
Salmonella was most rapidly inactivated in the 20:1 C:N ratio formulation, although the
mixture at an initial C:N ratio of 40:1 experienced the most rapid increases in temperature
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in the bioreactor. The authors concluded that the accumulation of organic acids within
the composting mixture, signaled by a drop in the pH from initial levels, was a major
factor in the inactivation of the pathogens in both studies. In the present study, a drop in
the pH did not occur; conversely, in each composting trial pHs were near neutral to
mildly alkaline in samples from each heap at the bottom location. As such, we must
conclude that an increase in temperatures due to microbial metabolism inside of the heaps
was the major factor contributing to pathogen inactivation, though we cannot claim that
factors such as microbial competition or antagonism did not influence the observed
reductions. The discrepancy in the results from the studies performed in the bioreactors
and our field studies may have been due to a variety of reasons. The feedstocks used in
the studies were different, which may have affected the types of microflora present and
microbial metabolites produced, potentially affecting the pH of the composts. Also in the
bioreactor studies, the compost mixtures were held in an incubator to stimulate heating,
which may have masked the effect of temperatures generated by microbial activities as a
factor for pathogen elimination when the three different C:N ratio compost mixture
treatments were compared. It is evident that the heterogeneity of the conditions which
are experienced when composting manure in a field setting cannot be replicated under
laboratory setting, thus highlighting the importance of validating laboratory models under
“real-world” environmental conditions. In the present study, the temperature rise due to
the microbial activity is a major factor for pathogen inactivation as compared to the
Erickson et al. (2009a; 2009b) bioreactor studies where low pH and other factors were
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predominate factors in pathogen inactivation, since the temperature rise in each of the
bioreactor treatments were equalized.
In our study, concentrations of ammonia and volatile acids were quantified in the
compost samples collected in Trial 2. The releases of these compounds were the most
elevated within the first 3 weeks of composting, when pathogens were rapidly
inactivated. Both ammonia and volatile acids have been considered as bactericidal in
manure and biosolids, materials commonly used in comopsting (Kunte et al., 1998;
Ottoson et al., 2009). However, the level to which these compounds contributed to the
inactivation of pathogens during composting is unclear.
The persistence of pathogens on the compost surface for extended periods of time
has been demonstrated in previously published studies, especially when ambient
temperatures are low (Fremaux et al., 2006; Shepherd et al., 2007; Shepherd et al., 2010).
In the current study, we also found that both E. coli O157:H7 and Salmonella were viable
on the compost heap surface through 60 days of composting. Usually during composting,
reductions will occur more rapidly at locations within the body of the composting heap
when compared to those observed on the compost heap surface. While this trend was
observed in Trial 2, it did not occur in Trial 1. Reductions in populations of E. coli
O157:H7 and Salmonella were observed more rapidly at the surface of each of the heaps
compared to those at the bottom locations, which was likely due to freeze-thaw
inactivation experienced as ambient temperatures fell below freezing at night and rose
above freezing during the day during the first week of composting. Inside of the heaps
the temperature rise was slower, creating an environment conducive for pathogen growth
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and/or survival. Another interesting observation in this study was that Salmonella was
more rapidly inactivated in the compost compared to E. coli O157:H7 in both trials, with
Salmonella decreasing to levels below limits of detection through enrichment at least 0 –
9 days and 6 – 18 days earlier, in Trials 1 and 2, respectively, depending upon the C:N
ratio of the heap. This trend is in agreement with study which revealed that Salmonella
was inactivated more rapidly than E. coli O157:H7 in a cow manure-based compost
mixture (Lung et al., 2001; Erickson et al., 2009a; Erickson et al., 2009b).
Pathogens in composting environments are subjected to stresses such as heat,
desiccation and exposure to ultraviolet light, and each are reported to have an effect on
bacterial survival. We attempted to determine if the stresses in which pathogen are
exposed to at the compost surface affected their growth rate, and if exposure to heat
generated during composting induction of heat-shock proteins (data not shown). The
results of each of the studies were variable, which may be due to environmental condition
during composting and culturing of the bacterial isolates examined in the studies. In
Trial 1, conditions inside and external to the composting heaps were low. These mild
conditions allowed from the prolonged survival of the pathogens at the compost surface
and inside of the composting heaps. It has been reported that bacteria that are no longer
exposed to stresses will revert to normal physiological states (White, 2007). This is one
theory that can be used to explain the variable results. Another possible explanation
could be the use of a universal and selective enrichment cultures to detect the pathogen at
both composting locations. These enrichment steps allow resuscitation for sublethally
injured pathogens. As such, some isolates that may have been affected by exposure to
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those stresses have been cultured to a normal physiological state, affecting observed
trends in the specific growth rates and D-values.
Monitoring the fate of indicator microorganisms in compost is important, as it has
been demonstrated that the presence of these organisms can be used to predict the
presence of pathogens in composts (Shepherd et al., 2007; Shepherd et al., 2010). In this
study, the rapid inactivation of Enterobacteriaceae early in the composting process was
similar to that of E. coli O157:H7 and Salmonella. Unlike Enterobacteriaceae, regrowth
of the pathogen surrogates was not observed after the compost samples were found to be
negative after enrichment, indicating that the presence of Enterobacteriaceae does not
suggest the presence of pathogens within the composting heap. However, we did observe
the regrowth of both pathogens early during the composting process. The presence of
Enterobacteriaceae in the compost samples suggests that certain species may be more
tolerant to the conditions in the composting environment (heat and nutritional stress) than
other species; or that the surface samples may have been contaminated by droppings from
insects, birds, or other wildlife.

Conclusions
The data revealed that higher temperatures were achieved in unturned dairy
manure-based compost heaps at high initial C:N ratios, resulting in rapid inactivation of
ca. 7 log CFU/g E. coli O157:H7 and Salmonella (1 – 21 days of composting).
Composting dairy manure at low C:N ratios resulted in the same reduction in E. coli
O157:H7 and Salmonella within 14 to 21 days inside of the compost heaps after the onset
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of composting. Enterobacteriaceae populations exhibited similar patterns of inactivation
when compared to both E. coli O157:H7 and Salmonella during the early phase of
composting. Both E. coli O157 and Salmonella exhibited extended survival at the
compost surface, experiencing occasional regrowth early during composting. Therefore,
the initial C:N ratio of the fresh compost mixture needs to be closely monitored, and an
initial level of at least 25:1 should be targeted
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Figure Legends
Figure 2.1: Compost heap temperature profiles. Temperature recording at locations
within the composting heaps represent averages of duplicate recordings.

Figure 2.2: Survival of E. coli O157:H7 during composting in heaps with low (A), mid
(B) and high (C) C:N ratios in Trial 1, and low (D), mid (E), and high (F) ratios in Trial
2.Each data point represents averages of duplicate samples at each location.

Figure 2.3: Survival of Salmonella during composting in heaps with low (A), mid (B) and
high (C) C:N ratios in Trial 1, and low (D), mid (E), and high (F) ratios in Trial 2.Each
data point represents averages of duplicate samples at each location.
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Table 2.1: Initial abiotic and biotic parameters in field trial composting heaps.
Actual parameter values

Trial

Target
C:N ratio

1

Low
Mid

2

18.6:1±1.39

a

24.2:1 ±1.41

Moisture content (%)

pH

Mesophiles
(CFU/g)

69.51 ±0.37

7.75±0.07

3.7×10

66.75 ±0.63

7.75 ±0.07

3.4×10

High

39.0:1±3.86

59.62 ±0.11

7.85 ±0.07

3.8×10

Low

19.6:1 ±0.76

58.62 ±0.28

8.10 ±0.00

2.2×10

Mid
High

a

C:N ratio

Initial microbial communities

27.5:1 ±2.46
35.4:1 ±0.47

50.32 ±1.30
43.71 ±2.84

7.90 ±0.00
7.80 ±0.00

Average of duplicate samples ± standard deviation.
-, not detectable after enrichment in 25 g compost.

b

60

3.2×10
3.5×10

8
8
8

8
8
8

Thermophiles
(CFU/g)
2.9×10
2.7×10
2.7×10
1.0×10
1.8×10
5.3×10

7
7
7

8
8
7

E. coli
O157:H7
-

b

Salmonella
spp.
-

-

-

-

-

-

-

-

-

-

-

Figure 2.1: Compost heap temperature profiles. Temperature recording at locations within the composting heaps represent
averages of duplicate recordings.
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Table 2.2: Moisture content of the compost samples in Trials 1 and 2.
Days of composting
Trial
1

C:N ratio
Low

Mid

High

2

Low

Mid

High

Location

0
a

b

1

3

5

7

14

21

30

60

Surface

69.51±0.00 A

63.74±2.38 B

56.86±1.25 B

54.25±1.65B

42.42±5.61 B

70.27±0.72 A

20.03±0.11 B

47.91±1.04 B

12.79±0.21 B

Bottom

69.51±0.00 A

69.38±0.94 A

70.88±0.73 A

70.70±1.51 A

70.15±1.16 A

70.98±1.61 A

70.34±0.57 A

69.10±2.28 A

69.86±1.35 A

Surface

66.75±0.00 A

65.89±1.50 B

59.14±1.49 B

38.96±2.05 B

38.26±2.50 B

67.02±0.06 B

26.87±3.84 B

42.47±5.40 B

23.99±1.44 B

Bottom

66.75±0.00 A

70.38±0.42 A

70.05±1.32 A

69.72±1.34 A

69.53±0.78 A

70.12±0.76 A

68.50±1.66 A

67.25±3.46 A

64.80±1.79 A

Surface

59.62±0.00 A

58.47±3.45 A

46.89±1.48 B

37.01±1.24 B

36.66±6.24 B

67.94±0.15 A

22.33±0.13 B

40.64±0.82 B

14.64±0.04 B

Bottom

59.62±0.00 A

62.51±1.70 A

64.73±1.24 A

63.15±1.47 A

63.34±0.60 A

62.08±5.10 A

56.44±2.99 A

55.69±2.13 A

42.98±5.87 A

Surface

58.62±0.00 A

45.14±2.04 B

24.66±0.18 B

29.50±0.80 B

13.17±0.76 B

19.52±0.17 B

52.55±0.04 A

14.14±1.35 B

50.59±1.72 A

Bottom

58.62±0.00 A

57.74±2.26 A

62.93±1.91 A

64.38±1.72 A

56.93±2.58 A

49.63±1.04 A

41.90±2.64 B

29.37±6.30 A

35.85±3.81 B

Surface

50.32±0.00 A

39.28±4.76 B

19.63±0.64 B

33.40±0.90 B

20.26±8.75 A

17.92±0.23 B

59.73±0.29 A

15.52±0.43 B

55.81±0.16 A

Bottom

50.32±0.00 A

50.07±0.36 A

51.32±0.90 A

53.13±3.16 A

31.59±2.59 A

28.46±1.04 A

24.68±1.02 B

24.33±0.96 A

31.07±1.68 B

Surface

43.71±0.00 A

29.75±0.57 B

17.72±0.20 B

32.93±0.87 B

12.32±0.23 B

16.99±0.50 B

62.66±3.11 A

17.00±0.11 B

58.42±1.83 A

Bottom

43.71±0.00 A

44.48±2.24 A

43.30±1.37 A

48.27±1.98 A

30.85±2.45 A

28.95±1.08 A

23.11±1.24 B

22.63±2.07 A

28.79±5.43 B

a

Average of duplicate samples ± standard deviation.
Comparisons of moisture contents were made between each location in individual heaps in both trials. Different capitalized
letters in the columns indicate that there is a significant difference (P<0.05) between the values on the specified sampling day.
b
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Figure 2.2: Amount of rainfall over Trials 1 (A) and 2 (B).
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Table 2.3: Changes in Enterobacteriaceae populations during Trials 1 and 2 of composting.
Days of composting
Trial

C:N ratio

Location

0
a

1

Low

Mid

1

3

5

7

14

21

30

60

b

Surface

7.66±0.00 A

7.58±0.11 B

6.78±0.13 B

6.81±0.08 B

6.78±0.09 A

6.50±0.34 A

6.45±0.06 A

6.73±0.15 A

7.22±0.04 A

Bottom

7.66±0.00 A

8.01±0.13 A

7.71±0.15 A

7.66±0.12 A

7.11±0.32 A

2.07±0.35 B

1.77±0.36 B

2.57±0.16 B

3.12±0.18 B

Surface

7.61±0.00 A

7.78±0.12 B

7.22±0.14 B

6.31±0.16 B

6.42±0.06 B

6.13±0.08 A

5.88±0.04

6.37±0.13A

5.69±0.29A

c

High

2

Low

Mid

High

Bottom

7.61±0.00 A

8.08±0.12 A

7.62±0.15 A

7.70±0.17 A

7.33±0.34 A

1.63±0.31 B

ND

1.85±0.29 B

2.23±0.39 B

Surface

7.61±0.00 A

7.46±0.08 B

6.93±0.24 B

6.43±0.12 B

6.55±0.23 B

6.18±0.03 A

5.78±0.10

6.87±0.11

4.62±0.09 A

Bottom

7.61±0.00 A

7.92±0.13 A

7.53±0.13 A

7.52±0.11 A

7.42±0.09 A

1.57±0.22 B

ND

ND

4.00±0.07 B

Surface

8.73±0.00 A

7.14±0.09B

5.59±0.19 A

5.93±0.05 A

5.58±0.19A

5.48±0.11 A

6.05±0.05 A

4.82±0.25 A

4.24±0.08 A

Bottom

8.73±0.00 A

8.37±0.08 A

4.69±0.18 B

2.92±0.86 B

1.28±0.83 B

1.48±0.34 B

0.46±0.64 B

0.14±0.41 B

2.59±0.17 B

Surface

8.66±0.00 A

8.33±0.06 B

6.42±0.12 A

6.57±0.23 A

6.13±0.35 A

6.28±0.14 A

6.63±0.19 A

4.85±0.14 A

5.64±0.06 A

Bottom

8.66±0.00 A

8.66±0.11 A

3.39±0.14 B

2.55±0.29 B

0.92±0.79 B

1.49±0.34 B

0.98±1.05 B

1.45±1.04 B

2.10±0.66 B

Surface

8.64±0.00 A

8.84±0.01 A

7.19±0.12 A

7.41±0.18 A

7.45±0.10 A

7.51±0.10 A

6.77±0.26 A

4.23±0.30 A

5.33±0.04 A

Bottom

8.64±0.00 A

8.83±0.07 A

3.28±0.11 B

2.84±0.20 B

0.44±0.60 B

1.77±0.32 B

0.42±0.58 B

1.31±0.62 B

0.95±0.62 B

a

: Average of duplicate samples ± standard deviation.
: Comparisons of Enterobacteriaceae populations were made between each location in individual heaps in both trials.
Different capitalized letters in the columns indicate that there is a significant difference (P<0.05) between the values on the
specified sampling day.
c
: ND, not detected. Limit of detection, 10 CFU/g.
b
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Figure 3: Survival of E. coli O157:H7 during composting in heaps with low (A), mid (B)
and high (C) C:N ratios in Trial 1, and low (D), mid (E), and high (F) ratios in Trial
2.Each data point represents averages of duplicate samples at each location.
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Figure 4: Survival of Salmonella during composting in heaps with low (A), mid (B) and
high (C) C:N ratios in Trial 1, and low (D), mid (E), and high (F) ratios in Trial 2.Each
data point represents averages of duplicate samples at each location.
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CHAPTER THREE
EVALUATION OF PHYSICAL COVERINGS USED TO CONTROL ESCHERICHIA
COLI O157:H7 AT THE SURFACE OF COMPOST HEAPS

Abstract
Field studies were performed to determine if Escherichia coli O157:H7 survival
on the compost surface would be affected by the application of a physical covering to the
surface of the newly-formed compost heaps. Four trials, representing conditions that
would be experienced during all four seasons, were conducted with compost heaps
covered with finished compost (FC) at different thicknesses and initial moisture contents
(MC), fresh straw or uncovered, which served as the control. Throughout the four trials,
heaps covered with FC maintained temperatures at the interface between the covering and
the newly-formed compost heap surface ca. 7 – 15.5oC higher, resulting in E. coli
O157:H7 reduction more rapidly compared to the heaps covered with fresh straw.
Pathogen inactivation occurred most rapidly in the FC covering with 30% MC at a
thickness of 30 cm, as a greater than 7 log CFU/g reduction of E. coli O157:H7 was
observed and the populations of the pathogen were below detection limits by day 21, 5,
21 and 7 of composting in Trials 1, 2, 3 and 4, respectively. Importantly, E. coli
O157:H7 was detected in the control samples at the end of each trial, either through direct
plating or enrichment culture. Additionally, an analysis of covariance revealed that
Enterobacteriaceae populations were a suitable indicator which could be used to
determine E. coli O157:H7 presence for heaps covered with FC. Results from the DGGE

67

analyses revealed changes in bacterial communities covered with FC as compared to the
control. Our results suggest that E. coli O157:H7 can be inactivated at the compost
surface using a physical covering such as FC, validating recommendations made by the
U.S. EPA and California’s Leafy Green Marketing Agreement.

Introduction
Compost is an excellent soil amendment, which has been widely used by both
organic and conventional farming worldwide. Composting is a biological decomposition
process due to microbial activities. The elevated temperatures within the compost heap
are generally regarded as the most important factor resulting in pathogen abatement in
compost. Our previous studies have demonstrated that the active composting can be very
effective to achieve a 6-log reduction of artificially inoculated pathogens (regular or
stress-adapted cultures) inside the static composting heaps within 3 weeks of composting
even without the turning of the heaps (17), which are in agreement with several other
studies (7, 9, 10, 13). However, results of field studies revealed shown that pathogenic E.
coli may have extended survival at the compost surface and on the periphery of the heaps
when unturned (5, 16), or inside of the heaps under mesophilic conditions (17).
Due to the stratification of temperatures that exists in compost heaps, peripheral
locations of the heap may not reach temperatures necessary for pathogen destruction. For
static aerated composting, the use of insulating materials has been recommended to keep
compost temperatures up and help reduce odor emissions from a compost pile (2, 19).
Physical covering becomes even critical if the outdoor temperature is low since the heat
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from the composting heaps can dissipate rapidly. This is important, as some composters
may not have the equipment or other resources to turn compost heaps regularly, a
practice that results in lower heat generation by microbial activities. The lack of
exposure to elevated temperatures may be a major contributing factor to the persistence
of human pathogens at the compost surface. Curtis et al. (1) and Brito et al. (4) both
suggest that temperatures achieved during composting with physical covering such as an
insulated pool tarp and a permeable polypropylene covering would be high enough to
inactivate pathogens. Most research is centered around the application of insulators to
prevent the release of ammonia and/or greenhouse gases (3, 6, 11, 18). However, there
are no valid scientific data available on how a physical covering, especially using
common farm materials such as finished compost or straw, might affect pathogens at the
compost surface. Therefore, it is important to develop and validate practical strategies to
inactivate pathogens on the surfaces of compost heaps which are not maintained through
frequent turning.
The goal of our study was to evaluate the use of common farm materials as
physical coverings as a practical method to enhance E. coli O157:H7 inactivation at the
compost surface.

Materials and Methods
Field study set-up: Four composting trials were performed during the following
times periods: Trial 1 (April – August 2008), Trial 2 (August – December 2008), Trial 3
(June – August 2009) and Trial 4 (February – April 2010). In each trial, the composting
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mixture consisted of a sawdust/cow manure mixture, waste feed, old straw and fresh
straw at a ratio of ca. 8.5:3:3:1. The compost ingredients were mixed thoroughly with the
use of a front-end loader, and then equally divided into four heaps. Two compost heaps
were bisected with clear Palruf® PVC (Palram Industries Ltd., Kutztown, PA) and
covered with either 15 or 30 cm of finished compost. Half of each heap was covered with
the finished compost (FC) with moisture contents (MC) of 30 or 50%. One compost heap
was covered with ca. 13 cm of fresh straw and held in place with weighted nylon net. The
final compost heap was uncovered, serving as the control heap. In Trials 3 and 4, an
additional uncovered heap was constructed with the same dimensions as the other heaps,
and was turned on days 3, 7, 14, 21 and 30, serving as the turned control heap.
The newly formed compost heaps were constructed to be ca. 1.2 m in height by
ca. 2 m in width, with a conical shape, as previous study performed in our lab
demonstrated that these dimensions were suitable for thermophilic composting (16). The
compost covering treatments were applied to the heaps, and the 15 and 30 cm coverings
of FC increased the sizes of the heaps to ca. 1.35 m in height by ca. 2.3 m in width, and
1.5 m in height by 2.6 m in width, respectively (Fig. 1). The compost heaps covered with
ca. 13 cm of straw had final dimension of ca. 1.27 m in height by 2.13 m in width, as the
fresh straw was compacted on the heaps by the weighted net. The net had to be used so
that the straw was not blown off the compost heaps. The compost heaps were stationed
on two concrete staging areas measuring 16 m × 25 m (L × W) enclosed with fencing;
two compost heaps were positioned on each staging area. The compost samples
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(described below) were placed into mesh bags, which were secured onto the surface of
the compost heaps, and then covered with FC or straw for each heap.
Bacterial culture preparation: Three strains of avirulent green fluorescent
protein (gfp)-labeled E. coli O157:H7 [strain B6914, provided by Dr. Pina Fratamico,
U.S. Department of Agriculture (USDA), Agricultural Research Service, Eastern
Regional Research Center, Wyndmoor, PA; and strains CV2b7 and 6980-2, provided by
Dr. Michael P. Doyle, The University of Georgia – Center for Food Safety, Griffin, GA]
were streaked from their respective stock cultures and grown on Tryptic Soy Agar (TSA)
(Becton Dickinson, Sparks, MD) supplemented with 100 µg/ml ampicillin (Sigma
Chemical Co., St. Louis, MO) (TSA-A). After streaking twice, the cultures were grown
in Tryptic Soy Broth (TSB) (Becton Dickinson, Sparks, MD) with ampicillin (100 µg/ml)
(TSB-A) with shaking at 37oC for 24 h. Each culture was then sedimented at 5,500 × g
for 12 min, washed thrice with 0.85% saline and resuspended in saline to achieve final
concentration of ca. 1011 CFU/ml. Equal volumes of the three cultures were mixed well
as the inocula and enumerated on TSA-A.
Compost sample preparation: The compost samples were prepared using a
method previously described (17). Briefly, the three E. coli O157:H7 strain-mixture was
inoculated into finished dairy compost at a ratio of 1:100 (v/w) to yield a final bacterial
concentration of ca. 109 CFU/g. After acclimation in the finished compost for 24 h at
room temperature, the inoculated compost was mixed with a portion of the fresh compost
mixture at a ratio of 1:100 (w/w) to yield a final population of E. coli O157:H7 at ca. 107
CFU/g dry weight (DW). Approximately 150 g of the inoculated compost mixture was

71

inserted into Tyvek® self-seal pouches (8.89 × 13.33 cm, DuPont, Wilmington DE) to be
placed under the compost coverings, whereas ca. 150 g of the sample mixture was placed
into polystyrene trays with perforated bottoms to be anchored atop of the uncovered
heaps, serving as the experimental controls.
Compost sampling schedule and measurements for temperature, moisture
content, C:N ratio, pH and bulk density: Compost samples were obtained at 0, 1, 3, 5,
7, 14, 21, 30 and 60 days after heap construction. In Trials 1 and 2, an additional
sampling day occurred on day 120 after the onset of composting. Using an OT-21
temperature and oxygen sensor (Demista Instruments, Arlington Heights, IL), heap
temperatures and oxygen contents were monitored and recorded at the center of each
heap, and at each sample location (the interface where the surface of the newly formed
compost heap met the FC or straw being used as the physical covering) everyday for the
first two weeks of composting, and every sampling day thereafter. Methods used to
determine the moisture content and pH values of the compost samples were previously
described (8). The C:N ratio for each initial compost heap mixture was analyzed by the
Clemson University Agricultural Services Laboratory.
In Trial 4, a soil corer with a 30 cm sample retaining auger (Oakfield Apparatus,
Inc., Oakfield, WI) was used to obtain samples of the FC coverings on day 60 of the trial,
so that changes in the moisture content of the covering could be recorded. Calculations
of the bulk density for the compost used as coverings in Trial 4 were performed using
guidelines published by the Washington State University Puyallup Research Center
(WSU, 2010).
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Detection of E. coli O157:H7 and Enterobacteriaceae in the compost samples:
Twenty-five grams of each compost sample were homogenized in 225 ml of Universal
Pre-enrichment Broth (UPB) and serially diluted in 0.85% saline. For the enumeration of
E. coli O157:H7, diluted sample homogenates were spread-plated on TSA-A. Samples
homogenized in UPB were concurrently incubated at 37oC for 24 h, so that if samples
were negative for E. coli O157:H7 after direct-plating, culturing could be performed
through enrichment. Portions of samples enriched in UPB were then transferred to TSBA for selective enrichment at 37oC for 24 h. After selective enrichment, samples were
quadrant streaked on TSA-A, incubated for 24 h at 37oC, and then illuminated under
ultraviolet light to visualize any bright-green fluorescent colonies. Fluorescent colonies
were confirmed as E. coli O157:H7 by using E. coli O157 latex agglutination test kit
(Oxoid, Basingstoke, Hampshire, UK). Isolates (n=18) detected in the surface samples in
each of the four trials on the final sampling day of the trial were picked, purified and
preserved in TSB with 20% glycerol at -80oC for further characterization.
For Enterobacteriaceae enumeration, molten Violet Red Bile Glucose Agar
(VRBGA) (Becton Dickinson, Sparks, MD) at 50oC was mixed well with 1 ml of each
sample homogenate in sterile Petri dishes. After the agar solidified, the VRBGA plates
were incubated at 37oC for 24 h. All bacterial analyses were performed in duplicate.
Pulse Field Gel Electrophoresis (PFGE) of E. coli O157:H7 isolates
remaining in the compost surface samples: The protocol used to perform PFGE on E.
coli O157:H7 isolates detected in the samples from the final sampling day was previously
described (14), with modifications. During the restriction enzyme digestion step in the
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protocol, an enzyme reaction mixture with 30 U BlnI/plug slice was used, and incubated
for 16 h instead of the 2 h recommended in the reference. The electrophoresis was
performed using the following running conditions: a gradient to 6 V/cm, an initial switch
time of 2.61 sec, a final switch time of 54.17 sec, and an angle of 120 o using a Bio-Rad
CHEF Mapper™ XA pulsed field electrophoresis system (Bio-Rad Laboratories, Inc.,
Hercules CA).
DNA extraction, amplification and denaturing gradient gel electrophoresis
(DGGE) of amplicons from compost extracts: In Trials 2 and 4, 5 g of the Day 0, 7,
14, 30 and 60 compost samples from the control, 30 cm-30% MC and 30 cm-50% MC
FC treatments were used to extract DNA using PowerMax™ Soil megaprep kits (MO
BIO Laboratories, Inc., Carlsbad, CA) according to manufacturer’s instructions. After
determining the concentrations and purities using a Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE), the DNA extracts were amplified using
primers targeting conserved regions of bacterial 16s rRNA genes. The forward primer
ENV 1 (5’-AGA GTT TGA TII TGG CTC AG-3’) and the reverse primer ENV 2 (5’CGG ITA CCT TGT TAC GAC TT-3’) corresponding to the complement of positions 8
– 27 and 1511 – 1492, respectively, of E. coli 16s rRNA (Brosius et al., 1978) were used
to amplify the extracted DNA.
The PCR reaction mixture with a final volume of 50 µl was used for the
amplification and contained the following constituents: 5 µl 10 × PCR buffer, 200 µmol
dNTPs, 2.5 U of Taq polymerase, 10 pmol of each primer and 2 – 5 µl of DNA template.
The amplification was performed with an iCycler (Bio-Rad) using the following protocol
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as described by Olofsson et al. (2007): 30 cycles at 95 oC for 15 s, 48oC for 30 s and 72oC
for 90 s, followed by an elongation step at 72oC for 10 min.
The amplified extracts were loaded into a 7.5% polyacrylamide gel with a
denaturing gradient ranging from 35 to 50%. The DGGE was performed using the DCode System (Bio-Rad). The electrophoresis was performed in 7 L of 0.5 × TAE buffer
for 16 h at 60oC and 50 V. After completion, the gels were stained in ethidium bromide
and visualized under UV illumination.
Statistical Analyses: The plate count data of E. coli O157:H7 and
Enterobacteriaceae were converted to log10 CFU/g, and then adjusted to report the
populations present per gram in dry weight, to normalize bacterial numbers within
samples with varying moisture contents. Bacterial populations were compared between
each sample location on each sampling day. Duplicate temperature recordings from each
location in each trial was analyzed by using the PROC MIXED procedure, whereas
bacterial populations were analyzed using the PROC GLM procedure. All calculations
were performed using either the GLM or MIXED procedures of the Statistical Analysis
System (SAS 2001, Cary, NC). Comparisons were performed using Fisher’s “least
significant difference” test (LSD). Compost temperatures were analyzed using an
analysis of variance (ANOVA) with a completely randomized design to determine if
there were any significant differences between the overall temperatures at each monitored
location.
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Results
Compost heap construction and initial parameters: Four composting trials
were performed: two in 2008, one in 2009 and in 2010. Ambient temperatures, including
highs and lows, ranged from 8 – 32oC, 0 – 32oC, 18 – 33oC and 0 – 23oC in Trials 1, 2, 3
and 4, respectively.
Initial parameters of the compost heaps are presented in Table 1. Based on
compost guidelines published by the National Organic Standards Board (12), the carbonto-nitrogen (C:N) ratios of the heaps were acceptable for composting as all were between
the prescribed 15:1 – 60:1 range. In Trials 1 – 3, the moisture content of the compost was
in the acceptable range for composting, whereas in Trial 4, the moisture content was
slightly too high to be considered acceptable for composting (Table 1). In addition, the
compost mixture of each trial was negative for the presence of E. coli O157:H7, even
after enrichment culture.
Temperatures at the surface under the physical coverings and inside the
compost heaps: In Trials 1 and 4, temperatures at the interface of the compost heaps and
the coverings were significantly different (P<0.05) under all five covering treatments. In
Trial 2, temperatures under the FC of 15 cm-50% MC and 30 cm-30% MC, and 15 cm50% MC and 30 cm-50% MC cover treatments were not significantly different, with Pvalues of 0.075 and 0.432, respectively; all other treatments were significantly different.
In Trial 3, the 15 cm-30% MC and 15 cm-50% MC covering treatments were the only
ones that were not significantly different with each other (P=0.8291). Among the five
compost covering treatments, the straw covering resulted in the least increases in the
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maximum temperature at the interface of the compost heaps, ranging from 0.5 to 8oC
above the surface temperatures of the control heaps (Table 2). The finished compost
coverings increased the maximum temperatures at the compost surface interface in the
range of 7 – 15oC, 10 – 31oC, 11 – 12oC and 9 – 15.5oC in Trials 1, 2, 3 and 4,
respectively, as compared to the control heaps.
In each composting trial, the internal location of the compost heaps reached the
thermophilic phase, achieving temperatures ≥50oC for 8 to 12 days. Importantly, many
of these days occurred within the initial two weeks of composting.
Sample pHs, moisture content, bulk density and oxygen content
determinations: In Trials 1, 2 and 3, the initial pH values of the compost mixtures were
in the mildly alkaline range (i.e., 7.9 – 8.3), whereas in Trial 4 the pH was near neutral
(Table 3). On sampling days 1 – 60 in Trials 1 and 2, and days 1 – 30 in Trials 3 and 4,
the pH of the compost mixtures increased slightly, whereas on the final sampling day in
each trial, the pH values of the samples were lower than the maximum values that were
recorded during the trial. Generally, on the final sampling day the pH values were lower
in the covered samples than at any point after Day 0.
The moisture contents under the coverings in each trial increased during certain
periods between days 3 – 60 in Trials 1 and 2, and days 1 – 60 in Trials 3 and 4 (Table 3).
With a few exceptions, most of the covered samples maintained elevated moisture
contents during the trials, and in some samples the final moisture content was higher than
the initial moisture of the compost mixture, which was most likely due to the
condensation which accumulated inside the sampling bags. In each trial, the samples at
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the compost surface of the control heaps exhibited the most variation in moisture contents
during composting. This is because these samples were exposed to periods of desiccation
and precipitation.
Determination of the moisture content and bulk density of the FC used in Trial 4
revealed that the finished compost covering with 50% moisture had a much larger bulk
density compared to that of the FC covering with 30% moisture (Table 4). Also, during
60 days of field composting the FC applied to the heaps at a thickness of 30 cm retained
its moisture near the interface with the newly-formed compost heaps better compared to
the FC applied at 15 cm in thickness, regardless of the initial moisture content.
Additionally, there was a moisture gradient observed with the highest value at the base
and the lowest at the surface of the physical covering.
Oxygen content levels in Trials 1 – 3 reveal that the hay covering allowed the
most oxygen at the covering-heap interface, which was probably due to its high porosity.
Under the FC coverings, oxygen contents were variable, but were above 5% on the
monitored days, which shows that oxygen exchange was good in spite of being covered
with composts at different moisture contents and thicknesses.
Survival of E. coli O157:H7 at the surface or interface of compost heaps:
Initial E. coli O157:H7 inoculation levels were in the range of 7.1 – 7.8 log CFU/g in the
four composting trials (Figs. 2a – 2d). Under the straw covering, the populations of E.
coli O157:H7 was reduced below the detection limit within 120, 7, 30 and 60 days of
composting in Trials 1, 2, 3 and 4, respectively. In samples under finished compost
treatments with 30% moisture, E. coli O157 was below the limit of detection within 21,
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5, 21 and 14 days when the finished compost covering was 15 cm thick in Trials 1, 2, 3
and 4, respectively, as compared to 21, 5, 21 and 7 days when the finished compost
covering thickness was 30 cm. E. coli O157:H7 fell below the detection limit within 120,
7, 21 and 14 days in Trials 1, 2, 3 and 4, respectively, when the FC covering with 50%
moisture was 15 cm thick, compared to 120, 7, 14 and 7 days, respectively, when the
cover was 30 cm in thickness.
Overall, E. coli O157 was inactivated more rapidly in FC with 30% MC than FC
of 50% moisture in Trials 1 and 2; there was not much of a difference in the reduction of
E. coli O157 under the FC coverings in Trials 3 and 4. For FC with the same moisture,
coverings of 30 cm thick performed slightly better than those with 15 cm in thickness, in
terms of the E. coli O157 inactivation rate. Importantly, in the control (uncovered)
samples, E. coli O157:H7 was detected after enrichment culture in the samples on the
final sampling day in each trial (day 120 in Trials 1 and 2, and day 60 in Trials 3 and 4)
regardless of whether the heaps were turned. In Trials 3 and 4, an uncovered heap which
was turned was used as a secondary control; however, the data collected on pathogen
survival were not significantly different from that of the unturned control heap (data not
shown).
Enterobacteriaceae populations in compost surface samples: Initial
populations of Enterobacteriaceae were in the range of ca. 7.4 – 8.0 log CFU/g over the
four composting trials (Table 5). In the control heaps, the populations of
Enterobacteriaceae were gradually reduced ca. 2.6 – 3 log CFU/g in the surface samples
over all trials on the final sampling day. Regrowth occurred soon after precipitation
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events in the control samples in all trials (Table 5). On the final sampling day over the
four trials, the populations of Enterobacteriaceae ranged from ca. 4.6 – 5.1 log CFU/g in
the control surface samples. Reductions of the indicator bacteria in straw covered heap
samples in Trials 1, 3 and 4 generally followed the same trend as those observed in the
control samples (data not shown).
In the samples covered with 15 and 30 cm of finished compost with 30% initial
moisture, there were ca. 6.0 and 5.8, 7.0 and 5.8, and 7.6 and 5.0 log CFU/g reductions of
Enterobacteriaceae by the end of Trials 1, 3 and 4, respectively (data not shown). In
Trials 1, 3 and 4, the reductions of Enterobacteriaceae were ca. 5.7 and 5.5, 5.6 and 6.1,
and 7.4 and 7.0 log CFU/g, respectively, in the samples covered with 15 and 30 cm of
finished compost with 50% initial moisture content. It was only in Trial 2 where
Enterobacteriaceae populations were rapidly reduced within 7 days to levels below the
detection limit, as reductions occurred in the samples covered by FC with 30%, 50%
moisture and straw with 5, 7 and 7 days, respectively. Table 6 summarized the number
of composting days required to achieve at least a 5 log CFU/g DW reduction of
Enterobacteriaceae. In every trial except Trial 1, the FC coverings were shown to reduce
Enterobacteriaceae populations at least 5 log CFU within 7 days. However, on some
sampling dates in Trials 1, 3 and 4, regrowth of Enterobacteriaceae was observed in
samples under at least one of the covering treatments (data not shown).
In each trial, an analysis of covariance was performed comparing the populations
of E. coli O157:H7 to total Enterobacteriaceae using α = 0.05 (Table 7). The results
revealed that both the populations were significantly different in Trial 1 (P=0.0155), Trial
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3 (P=0.0027) and Trial 4 (P<0.0001), but not in Trial 2, in the uncovered (control)
samples. In the samples covered with straw, populations of E. coli O157:H7 and
Enterobacteriaceae were only significantly different in Trials 3 (P=0.0111) and 4
(P<0.0001). Importantly, populations of both groups were not significantly different in
any of the samples covered with FC during the four trials conducted during this study
(P>0.05).
Predominant E. coli O157:H7 strains determined by PFGE: Four E. coli
O157:H7 colonies were randomly picked from the samples in both Trials 1 and 2,
whereas five colonies were randomly selected from the samples in Trials 3 and 4. When
the restriction patterns of the isolates were compared to those of the three E. coli
O157:H7 strains the compost samples were initially inoculated with, it was revealed that
all of the isolates purified from the compost samples shared the same restriction pattern
with E. coli O157:H7 strain B6914 (data not shown).
DGGE of compost extracts: Images of amplicons of extracted DNA from
selected sample treatments in Trials 2 and 4 of composting can be observed in Figures 3a
and b, respectively. In comparing lane 2 with lanes 3 – 6, the banding patterns observed
appear to be very similar, which is in contrast when comparing lane 2 to lanes 7 – 14
(Fig. 3a). Lanes 3 – 6 correspond to different sampling days of the control (uncovered)
samples, whereas lanes 7 – 10 and 11 – 14 correspond with different sampling days of the
compost material covered with FC at 30 cm-30 % MC and 30 cm-50% MC, respectively.
In Figure 3b, banding patterns of microbial communities in Trial 4 treatment samples are
shown. As compared with day 0 compost sample (lane 15), the control samples of
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selected days (lanes 16 – 19) showed similar bacterial communities, with the appearance
of a few new species with high molecular weight bands. Observation of the band 20 – 23
(FC 30 cm-30% MC) and 24 – 27 (FC 30 cm-50% MC) reveal a great increase in the
density of a few bands compared to those observed in lane 15.

Discussion
Due to the heterogeneous nature of the composting process, methods that are
implemented in composting need to be optimized to enhance pathogen inactivation. Two
commonly used composting methods, windrow or static aerated heaps, involve the
addition of oxygen in the composting process – either through physically turning the
heaps with machinery, or by forcing air in the heaps through perforated polyvinylchloride
piping. However many small farms may not have the resources to maintain their
compost heaps through turning or aeration using forced-air. Temperatures may increase
inside the heaps causing pathogen inactivation, but materials on the periphery of the
compost heap may lack exposure to conditions which cause pathogen destruction. As
such, pathogens, especially on the compost heap surface, may remain alive in the
compost materials that are exposed to ambient temperatures, as has been demonstrated in
previous studies (5, 16). There is also evidence that seasonality influences the survival of
pathogens in the compost surface, as E. coli O157:H7 and Salmonella Typhimurium was
detectable over a longer period during winter months compared to summer months,
presumably due to the less harsh environmental conditions experienced during cooler
weather (17).
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The application of a physical covering to compost is a method that has been
evaluated, but not for the control of pathogens at the compost surface. Several studies
have investigated how covering compost heaps with a physical covering (synthetic and
natural, and permeable and non-permeable) affects the emission of ammonia and
greenhouse gases (3, 6, 11, 18). The U.S. EPA (Environmental Protection Agency)
suggests that covering heaps can control odors and maintain high temperatures
throughout the compost heaps (19). The California Department of Resources Recycling
and Recovery (CDRRR) states that 6 to 12 inches (15 to 30 cm) of insulating materials be
applied to static aerated composting heaps, and California’s Leafy Green Marketing
Agreement (LGMA) suggests that static aerated composting heaps should be covered
with at least 12 inches of insulating materials (2). In spite of these assertions by these
important governmental and trade agencies, there is a dearth of published scientific
evidence demonstrating that the use of a physical covering on compost heaps results in
pathogen inactivation.
Although there is very limited information on the use of physical coverings for
pathogen inactivation when applied to composts, some studies have suggested that the
coverings could create conditions suitable for the elimination of pathogens. Curtis et al.
(4) and Brito et al. (1) both suggest that, at locations within the heap, temperatures
achieved during composting with a physical covering applied to the heap (an insulated
pool tarp, and a permeable polypropylene covering, respectively) would be elevated to
levels suitable for pathogen elimination (≥55oC). This is a plausible assertion as heat
escapes from compost heaps through convection and radiation, and the use of an insulator
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would aid in trapping heat at the compost surface. However, temperature data at the
interface where the physical covering met with the surface of the newly-formed heap was
not reported in either of the previously mentioned studies. As evidenced from our field
compost trials, temperature elevation beneath the FC coverings ranged from 7 – 15.5oC
throughout the study. Wu et al. (21) investigated the fate of E. coli in uncovered soil, and
soil covered with transparent polyethylene sheets. That study found that covering the soil
increased soil temperatures, and E. coli fell below the detectable limit after enrichment
(<0.08 CFU/g dry weight) after 4 weeks, whereas 2 log CFU/g dry weight was present in
uncovered soil after 6 weeks. Although some of the inactivation may be due to exposure
to sunlight through the transparent polyethylene sheets in the study by Wu et al. (21), the
daily high temperature in the covered soil was at least 40 oC for eight days in the second
and third weeks of the experiment, whereas soil temperatures were at or below 35 oC
throughout the experiment in the soil which was not covered.
In the current study, we used finished compost and fresh straw as our physical
coverings, as they are materials that may be readily available on farms that compost
wastes, and are inexpensive in cost to the farmers. In the four trials that we performed,
the results revealed that the use of finished compost and straw resulted in the inactivation
of E. coli O157:H7 at the compost surface, with varying results depending on the
covering materials and the season. Our results demonstrated that straw was least
effective in rapid E. coli O157:H7 inactivation, with the exception of Trial 2, out of all
covering treatments. However, in each trial, samples covered with straw did result in the
decrease of E. coli O157:H7 populations below limits of detection by the final sampling
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day. The FC coverings with 30% moisture applied to the heaps resulted in pathogen
inactivation quicker than FC covering at the same depth with 50% moisture, except in
Trial 3. Although the maximum temperatures at the interface between the newly-formed
compost heaps and physical coverings were less than 55oC, the high moisture content in
the samples maintained by the physical coverings may have contributed to the
inactivation of E. coli O157:H7. It is also possible that competitive activity among
microbial populations which were naturally present in the compost material contributed
to the decline of E. coli O157:H7 in the samples. Additionally, the data suggests that the
thicker compost covering (i.e., 30 cm) would be more suitable for application on compost
heaps during periods with low ambient temperatures.
The disparities in the efficacy in the FC covering treatment could have been
influenced by the bulk densities of the FC. Bulk density, a parameter that is affected by
the compost moisture content and particle size, is an important measurement of initial
compost mixtures because it is an indicator as to how well oxygen is able to penetrate the
composting mass. It is suggested that oxygen will be less able to penetrate composts with
bulk densities higher than ca. 475 to 595 kg/m3 for initial compost mixtures (15). The FC
coverings used in each trial but measured in Trial 4 of our study had bulk densities
greater than 850 kg/m3. This may explain why the FC coverings were effective in
trapping heat at the compost surface and why oxygen contents were lower during the
initial two weeks of composting, compared to on the final composting day. The data
from Trial 4 shows that as time progressed, the moisture content of the FC coverings
decreased, which most likely contributed to the increase in oxygen concentration under
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the coverings. The ideal physical covering will maintain the heat generated by
microorganisms at the compost surface while allowing an adequate amount of oxygen to
permeate in order to prevent the creation of anaerobic conditions. Based on the results
from the four trials with five covering treatments, the FC with 30% moisture and 30 cm
in thickness resulted in the most rapid reduction of E. coli O157:H7 at the interface
between the physical covering and the newly-formed compost heap surface.
DGGE banding patterns can reveal the changes in bacterial communities during
composting. Ishii et al. (2000) and Nakasaki et al. (2000) observed the changes in
microbial communities during the different phases of composting using DGGE, and
reported that increases in temperature to levels reached during the thermophilic
composting phase lead to a decrease in microbial diversity. In Trial 2 of our study,
temperature rose quickly under our covering treatments entering levels usually reached
during the thermophilic phase of composting. Further evidence of elevated temperature
as the main mechanism for pathogen inactivation can be seen in Figure 3a, as bacterial
diversity declined in the samples that were covered with FC, whereas communities in the
control samples showed very little change. The similarities in the communities of the
control samples may have been affected by the decrease in the moisture content of the
compost at that location. A decrease in moisture would have resulted in less available
water for bacterial growth, diminishing the opportunity for growth of other bacterial
species at the surface. Trial 4, in contrast, was the trial in which pathogen survival
underneath the compost coverings were somewhat extended as ambient temperatures
were low. Temperatures beneath the coverings reached the thermophilic phase, but not at

86

levels usually resulting in rapid pathogen inactivation. The control samples collected at
different intervals had a few species of bacteria with in high molecular weight bands
appear, when compared to that observed in the initial sample (Fig. 3b). The moisture
content may have affected the community as it was present at levels ≥40%, high enough
for microbial growth (Kim et al., 2011) at the compost surface, as compared with the
control samples in Trial 2..
Another important aspect in this study is the revelation that Enterobacteriaceae
survival was correlated with the survival of E. coli O157:H7, as this suggests that
Enterobacteriaceae could be used as a suitable indicator microorganism for E. coli
O157:H7. This is significant because it shows that simple enumeration can be
performed, and reliable results can be elucidated regarding the presence or absence of this
pathogen at the compost surface. Underscoring the importance of validating the use of
physical coverings as treatment methods for the compost surface is data revealing that E.
coli O157:H7 remained viable in the uncovered samples on the compost surface for at
least two months, in agreement with previous studies (5, 16, 17).

Conclusions
Our data suggest that the application of a physical covering to newly-formed
composting heaps can accelerate the reduction of E. coli O157:H7 when composting
under all seasonal conditions. Moreover, the use of finished compost with a moisture
content 30% at a thickness of 30 cm is most effective in reducing E. coli O157:H7 at the
compost surface, as a ca. 7 log CFU/g DW reduction occurred within 21 days from the
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onset of composting, whereas straw was the least effective covering used in the study.
Results from the DGGE analyses revealed changes in bacterial communities covered with
FC as compared to the control. Data in our study also revealed that Enterobacteriaceae
is a suitable indicator for E. coli O157:H7 when using FC as the covering. Based on the
data presented, covering the newly-formed compost heaps with FC may be a practical
approach for small-scale composting in cold climates, when temperature elevation is
compromised.

Acknowledgements
We would like to thank Mr. Steve Waggoner, Mr. Ricky Tingle and Mr. Ronnie
Ducworth of the LaMaster Dairy Farm at Clemson University for assisting with the
collection of materials for, and the construction of, the compost heaps. This research was
supported by a grant from the USDA-NIFSI.

88

References

Brito, L. M., J. Coutinho, and S. R. Smith. 2008. Methods to improve the composting
process of the solid fraction of dairy cattle slurry. Bioresour. Technol. 99:8955-8960.
California Leafy Green Products Handler Marketing Agreement (LGMA). 2010.
Commodity specific food safety guidelines for the production and harvest of lettuce and
leafy greens. 1 - 54.
http://www.wga.com/DocumentLibrary/scienceandtech/California%20GAPs%20%20metrics%20011210%20_1.pdf. Accession date: April 16, 2010.
Chadwick, D. R. 2005. Emissions of ammonia, nitrous oxide and methane from cattle
manure heaps: effect of compaction and covering. Atmos. Environ. 39:787-799.
Curtis, M. J., W. A. Kleiner, V. P. Claassen, and R. A. Dahlgren. 2005. Differences in a
composted animal waste and straw mixture as a function of three compost methods.
Compost Sci. Util. 13:98-107.
Fremaux, B., S. Raynaud, L. Beutin, and C. Vernozy-Rozand. 2006. Dissemination and
persistence of Shiga toxin-producing Escherichia coli (STEC) strains on French dairy
farms. Vet. Microbiol. 117:180-191.
Ishii, K., M. Fukui and S. Takii. 2000. Microbial succession during a composting
process as evaluated by denaturing gradient gel electrophoresis analysis. J. Appl.
Microbiol. 89:768 – 777.
Hansen, M. N., K. Henriksen, and S. G. Sommer. 2006. Observations of production and
emission of greenhouse gases and ammonia during storage of solids separated from pig
slurry: effects of covering. Atmos. Environ. 40:4172-4181.
Jiang, X. P., J. Morgan, and M. P. Doyle. 2003. Fate of Escherichia coli O157 : H7
during composting of bovine manure in a laboratory-scale bioreactor. J. Food Prot.
66:25-30.
Jiang, X. P., J. Morgan, and M. P. Doyle. 2003. Thermal inactivation of Escherichia coli
O157 : H7 in cow manure compost. J. Food Prot. 66:1771-1777.
Lemunier, M., C. Francou, S. Rousseaux, S. Houot, P. Dantigny, P. Piveteau, and J.
Guzzo. 2005. Long-term survival of pathogenic and sanitation indicator bacteria in
experimental biowaste composts. Appl. Environ. Microbiol. 71:5779-5786.

89

Lung, A. J., C. M. Lin, J. M. Kim, M. R. Marshall, R. Nordstedt, N. P. Thompson, and C.
I. Wei. 2001. Destruction of Escherichia coli O157 : H7 and Salmonella Enteritidis in
cow manure composting. J. Food Prot. 64:1309-1314.
Maeda, K., R. Morioka, and T. Osada. 2009. Effect of covering composting piles with
mature compost on ammmonia emmission and microbial community structure of
composting process. J. Environ. Qual. 38:598-606.
Nakasaki, K., K. Nag and S. Karita. 2005. Microbial succession associated with organic
matter decomposition during thermophilic composting of organic waste. Waste Manag.
Res. 23:48 – 56.
National Organic Standards Board. 2002. Compost Task Force Recommendations, as
amended by the NOP.
http://www.ams.usda.gov/AMSv1.0/getfile?dDocName=stelprdc5058852. Accession
date: January 19, 2010.
Pourcher, A. M., P. Morand, F. Picard-Bonnaud, S. Billaudel, S. Monpoeho, M.
Federighi, V. Ferre, and G. Moguedet. 2005. Decrease of enteric micro-organisms from
rural sewage sludge during their composting in straw mixture. J. Appl. Microbiol.
99:528-539.
Ribot, E. M., M. A. Fair, R. Gautom, D. N. Cameron, S. B. Hunter, B. Swaminathan, and
T. J. Barrett. 2006. Standardization of pulsed-field gel electrophoresis protocols for the
subtyping of Escherichia coli O157 : H7, Salmonella, and Shigella for PulseNet.
Foodborne Pathog. and Dis. 3:59-67.
Seekins, B. 1999. Troubleshooting the compost pile. Biocycle 40:58-59.
Shepherd, M. W., Jr., P. Liang, X. Jiang, M. P. Doyle, and M. C. Erickson. 2007. Fate of
Escherichia coli O157 : H7 during on-farm dairy manure-based composting. J. Food
Prot. 70:2708-2716.
Shepherd, M. W., Jr., R. Singh, J. Kim, and X. Jiang. 2010. Effect of heat-shock
treatment on the survival of Escherichia coli O157:H7 and Salmonella enterica
Typhimurium in dairy manure co-composted with vegetable wastes under field
conditions. Bioresour. Technol. 101:5407-5413.
Sommer, S. G. 2001. Effect of composting on nutrient loss and nitrogen availability of
cattle deep litter. Eur. J. Agron. 14:123-133.
U.S. Environmental Protection Agency (EPA). 2008. Aerated static pile composting.
http://www.epa.gov/osw/conserve/rrr/composting/static.htm. Accession date: April 5,
2010.

90

Washington State University Puyallup (WSU). 2010. Calculating compost bulk density.
http://www.puyallup.wsu.edu/soilmgmt/BulkDensity.htm. Accession date: April 5, 2010.
Wu, S., M. Nishihara, Y. Kawasaki, A. Yokoyama, K. Matsuura, T. Koga, D. Ueno, K.
Inoue, and T. Someya. 2009. Inactivation of Escherichia coli in soil by solarization. Soil
Sci. Plant Nutr. 55:258-263.

91

Figure Legends:
Figure 3.1. Schematic depicting dimensions of compost heaps covered with finished
compost.
Figure 3.2. Survival of E. coli O157:H7 at the interface between the physical coverings
and newly formed composting heaps in Trial 1 (A), Trial 2 (B), Trial 3 (C), and Trial 4
(D). Each data point is the average of 4 replicates.
Figure 3.3. Bacterial communities in compost samples under treatments in Trial 2 (A)
and Trial 4 (B) of composting. Lanes: 1) Ladder, 2) Day 0 (D0), 3) Ctrl D7, 4) Ctrl D14,
5) Ctrl D30, 6) Ctrl D60, 7) 30 cm-30% MC D7, 8) 30 cm-30% MC D14, 9) 30 cm-30%
MC D30, 10) 30 cm-30% MC D60, 11) 30 cm-50% MC D7, 12) 30 cm-50% MC D14,
13) 30 cm-50% MC D30, 14) 30 cm-50% MC D60, 15) D0, 16) Ctrl D7,17) Ctrl D14,
18) Ctrl D30, 19) Ctrl D60, 20) 30 cm-30% MC D7, 21) 30 cm-30% MC D14, 22) 30
cm-30% MC D30, 23) 30 cm-30% MC D60, 24) 30 cm-50% MC D7, 25) 30 cm-50%
MC D14, 26) 30 cm-50% MC D30, 27) 30 cm-50% MC D60.
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Figure 3.1
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Figures 3.2A – D
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Figure 3.3
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Table 3.1: Initial abiotic and biotic parameters of the composting heaps.

Trial

Trial dates

C:N ratio

Moisture Content (%)

Mesophiles (log CFU/g)

Thermophiles (log CFU/g)

E. coli O157:H7

a

b

1

April – August 2008

19.41±1.39

63.16±3.04

7.84±0.02

7.49±0.18

-

2

August – December 2008

15.74±0.59

63.57±1.40

7.66±0.05

7.07±0.04

-

3

June – August 2009

24.81±0.66

60.14±0.85

7.80±0.07

7.33±0.06

-

4

February – April 2010

27.24±1.92

67.87±0.72

7.71±0.14

7.06±0.12

-

a

Values represent the mean ± standard deviation.

b

-, indicates sample was negative after enrichment culture.
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Table 3.2: Combined internal and interface temperature data during composting.
Treatment
Cover moisture (%)

Max temp (°C)

Days ≥45 C

Ctrl

0

N/A

33

Hay

12.5

9

41

15

30

15

Days ≥50 C

0

55

8

0

55.5

8

48

6

55.5

9

50

42.5

0

55.5

9

30

30

41

0

53

9

30

50

40

0

53

9

Ctrl

0

N/A

37

0

57.5

12

Hay

12.5

9

45

3

56.5

12

15

30

50

13

56

12

15

50

47

6

56

12

30

30

48.5

9

56.5

12

30

50

47.5

6

56.5

12

Ctrl

0

N/A

37

0

52.5

9

Hay

12.5

9

38.5

0

51.5

9

15

30

46

5

52

9

15

50

46

6

52

9

30

30

46

6

52

10

30

50

48

8

52

10

Ctrl

0

N/A

27

0

56

10

Hay

12.5

9

27.5

0

55.5

11

15

30

46

6

57

10

15

50

48.5

10

57

10

Finished compost

3

Finished compost

4

o

Max temp (°C)

Type

Finished compost

2

Internal
o

Thickness (cm)

Trial
1

Interface

Finished compost

97

30

30

50.5

7

56

10

30

50

52.5

9

56

10
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Table 3.3: pHs and moisture contents of compost heap samples.
pH
During trial

Final day

Day 0

Moisture content (%)
During trial

Final day

Day 0

Days 1 -14

Final Day

N/A

8.25

8.07 - 9.58

7.69

63.16

4.02 - 56.66

4.92

21

21

21

12.5

9

8.25

9.06 - 9.64

8.93

63.16

55.45 - 73.58

9.01

21

17 – 19

20

15

30

8.25

9.21 - 9.67

8.59

63.16

60.99 - 71.12

51.46

21

10 – 13

16

15

50

8.25

9.16 - 9.64

8.67

63.16

61.28 - 71.24

63.62

21

8 – 12

15

30

30

8.25

9.15 - 9.55

8.79

63.16

58.65 - 69.48

62.95

21

6 – 11

14

30

50

8.25

9.13 - 9.58

8.26

63.16

60.85 - 70.97

46.44

21

7 – 11

14

Control

0

N/A

8.05

7.43 - 9.08

7.48

63.57

7.89 - 68.81

30.43

21

21

21

Hay

12.5

9

8.05

8.25 - 9.32

8.84

63.57

59.65 - 69.50

65.87

21

15 – 20

20

Finished Compost

15

30

8.05

9.06 - 9.41

9.01

63.57

60.87 - 70.40

69.20

21

12 – 16

19

15

50

8.05

9.14 - 9.37

9.35

63.57

61.77 - 69.70

70.16

21

12 – 14

18

30

30

8.05

9.18 - 9.34

8.75

63.57

64.61 - 72.72

67.23

21

11 – 14

20

30

50

8.05

8.98 - 9.51

9.14

63.57

59.24 - 72.00

61.83

21

9 – 13

17

Control

0

N/A

7.90

7.94 - 9.10

7.22

60.14

5.84 - 49.54

20.38

21

21

21

Hay

12.5

9

7.90

8.84 - 9.21

7.75

60.14

59.35 - 71.06

56.00

21

14 – 20

19

Finished Compost

15

30

7.90

8.87 - 9.42

7.84

60.14

60.88 - 68.98

69.66

21

6 – 20

16

15

50

7.90

8.93 - 9.48

7.87

60.14

62.84 - 68.16

69.48

21

5 – 20

14

30

30

7.90

8.98 - 9.49

7.91

60.14

62.46 - 68.83

66.97

21

8 – 18

15

30

50

7.90

8.94 - 9.46

7.78

60.14

61.47 - 70.61

67.46

21

10 – 19

13

Control

0

N/A

7.15

8.16 - 9.14

7.40

67.87

22.33 - 68.17

17.25

21

ND

ND

Hay

12.5

9

7.15

8.67 - 9.37

8.35

67.87

69.96 - 78.65

75.72

21

ND

ND

Finished Compost

15

30

7.15

8.83 - 9.33

8.38

67.87

67.77 - 74.30

70.78

21

ND

ND

15

50

7.15

8.74 - 9.47

8.52

67.87

69.32 - 75.11

73.59

21

ND

ND

30

30

7.15

8.84 - 9.46

8.65

67.87

68.72 - 74.11

70.51

21

ND

ND

Treatment

Treatment
thickness (cm)

Treatment
MC (%)

1

Control

0

Hay
Finished Compost

2

O Content (%)

Day 0

Trial

2

a

3

b

4

99

30

50

7.15

8.62 - 9.49

a

N/A, not applicable.

b

ND, not determined due to sensor malfunction.

8.79

67.87

100

63.08 - 74.09

69.47

21

ND

ND

Table 3.4: Bulk density and moisture content of finished compost coverings applied to heaps in Trial 4.

Treatment
thickness (cm)

Initial covering
MC (%)

15
15
30
30

31.17
52.32
31.17
52.32

Covering bulk
3
density (kg/m )
868
1434
868
1434

Avg. final covering MC(%) at day 60
Outer core of covering Middle core of covering Inner core of covering
17.09±0.32
20.43±0.61
21.62±0.95
28.34±1.02
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20.14±1.31
36.59±0.74
28.76±0.16
44.62±1.41

24.93±0.59
46.47±0.72
29.15±1.33
48.96±0.47

Table 3.5: Composting days necessary for a 5-log reduction of Enterobacteriaceae.
Sampling day with 5-log CFU/g reduction observed:
Treatment

Covering thickness (cm)

Treatment MC (%)

Trial 1

Trial 2

Trial 3

Trial 4

Regrowth observed

N.O.

N.O.

N.O.

Yes

Control

0

N/A

Hay

12.5

9

21

5

21

N.O.

Yes, except Trial 2

Finished Compost

15

30

5

5

5

7

Yes, except Trial 2

15

50

30

5

5

5

Yes, except Trial 2

30

30

5

5

3

5

Yes, except Trial 2

30

50

14

5

5

5

Yes, except Trial 2

a

N.O.

a

N.O., not observed
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Table 3.6: P-values with potential correlation between E. coli O157:H7 and Enterobacteriaceae populations in compost
samples.
Composting Trial
Treatment

Treatment thickness (cm)

Control
0
Hay
12.5
Finished Compost 15
15
30
30
a

Treatment MC (%)

1
a

N/A
9
30
50
30
50

0.0155
0.1007
0.2800
0.6012
0.1463
0.1050

2

3

4

0.1794
0.8014
0.8363
0.9076
0.8774
0.9351

0.0027
0.0111
0.7390
0.2124
0.4051
0.5106

<0.001
<0.001
0.7672
0.7725
0.0908
0.7311

P>0.05 indicate that there was no significant difference between the survival of Enterobacteriaceae and E. coli O157:H7
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CHAPTER FOUR
BIOLOGICAL CONTROL OF ESCHERICHIA COLI O157:H7 AT THE SURFACE OF
DAIRY MANURE-BASED COMPOST HEAPS

Abstract
The survival of Escherichia coli O157:H7 at the compost surface after the
application of biological control methods was investigated under greenhouse and field
conditions. Three biological treatments were: 1) a 5-strain cocktail of competitive
exclusion (CE) bacteria, 2) a two-strain cocktail of anti-E. coli O157:H7 bacteriophages
at a multiplicity of infection (MOI) of 100, and 3) a two-strain cocktail of anti-E. coli
O157:H7 bacteriophages at a MOI of 100 with 1% lime added into the compost.
Compost samples without biological treatment served as the controls. Temperatures in
the compost heap reached levels ≥55oC for 7 of the 14 days in the trial. Day 1 posttreatment, E. coli O157:H7 population reductions were ca. 0.6 and 1.5 log CFU/g greater
in the bacteriophage and bacteriophage with lime treatments, respectively, than those
observed in the control. Overall, pathogen persistence in the treatment samples followed
this trend (from high to low): CE>control>phage>phage+lime. The CE treatment
allowed an initial growth of E. coli O157:H7 after it was applied to the compost. The
data indicates that the application of bacteriophages and lime can result in the
inactivation of E. coli O157:H7 at the compost surface, and that the moisture content is
critical in affecting its efficacy.
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Introduction
Composts are commonly applied to fields where produce is grown as a soil
conditioner and/or fertilizer, as it contains valuable nutrients for plant growth. Under
appropriate conditions, the composting process is one that can inactivate undesirable
organisms such as human and plant pathogenic bacteria, parasites, weed seeds and fly
larvae (Misra et al., 2003). This is important because human pathogens may be present in
manure, a waste product that is commonly used in composting.
Under field conditions, the rapid inactivation of pathogens at populations of up to
107 CFU/g has been reported when composting dairy manure (Nicholson et al., 2005;
Shepherd et al, 2007; Shepherd et al., 2010). The main mechanism for pathogen
inactivation during composting has been identified as elevated temperatures, which result
from the metabolism of easily digestible nutrients early on in the composting process by
microorganisms. Temperatures that are necessary for pathogen inactivation are
experienced inside the body of the composting heap but are often not reached at
peripheral locations of the heap, as it has been reported that temperatures at the periphery
of the compost heap are similar to ambient temperatures (Bush et al., 2007). As such, the
extended survivals of foodborne pathogens like Escherichia coli O157:H7 has been
reported at the compost surface (Shepherd et al., 2007; Shepherd et al., 2010). This is
potentially dangerous as it has been shown that composts contaminated with foodborne
pathogens can introduce the pathogens into the soil where extended survival can occur,
and result in the contamination of vegetables grown in the soil (Islam et al., 2004a – d).
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Methods have been evaluated to ensure that pathogens are inactivated at all
locations of the compost heap, even if the heaps are unturned. The Environmental
Protection Agency (EPA) recommends that a physical covering be applied to the surface
of newly-formed compost heaps to inactivate pathogens at that location (EPA, 2008).
Shepherd et al., (2011) demonstrated that the application of materials commonly found
on-farm (finished compost, straw) could be used as insulators for compost heaps, driving
up the temperature at the surface of the new compost heap, and allowing rapid pathogen
inactivation.
To ensure pathogen inactivation at the compost surface alternate methods should
also be evaluated. The use of competitive exclusion (CE) microorganisms have been
proven to be effective to reduce pathogen populations in food processing (Zhao et al.,
2006; Zhang et al., 2007a, b), as have bacteriophages (Kudva et al., 1999; Guenther et al.,
2009). In a laboratory study, Heringa et al., (2010) applied a 5-strain cocktail of
bacteriophages to finished dairy compost inoculated with Salmonella and reported a
greater than 2 log CFU/g reduction in the treated samples. The goal of this study was to
evaluate the use of both competitive exclusion bacteria and lytic bacteriophages as
biological agents to control E. coli O157:H7 in dairy manure-based compost under
greenhouse and/or field conditions.

Materials and Methods
Composting experimental parameters: A mixture of fresh compost from an
earlier composting trial with an initial C:N ratio and moisture content of ca. 25:1 and
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50%, respectively, was refrigerated and used in the greenhouse study (unpublished data).
In the composting field trial the compost mixture contained a sawdust/calf manure
mixture, fresh dairy manure, old hay, and waste feed at a ratio of 3:2.5:1:1, respectively.
The compost mixture was mixed in a manure spreader and formed into a heap with the
following dimensions 4.8 × 2.2 × 0.6 (l × w × h in meters). The heap was housed on a
concrete slab ca. 16 m in length by 25 m in width. The field trial lasted from October –
November, 2011.
Bacterial culture preparation and compost inoculation: Avirulent green
fluorescent protein (GFP)-labeled E. coli O157:H7 strain B6914, provided by Dr. Pina
Fratamico [US Department of Agriculture (USDA), Agricultural Research Service,
Eastern Regional Research Center, Wyndmoor, PA] resistant to ampicillin at a
concentration of 100 µg/ml was used in this study. A frozen stock of the bacterial culture
was grown on Tryptic Soy Agar (TSA; Becton Dickinson, Sparks, MD) supplemented
with a final concentration of 100 µg/ml ampicillin (Sigma Chemical Co., St. Louis,
MO)(TSA-A). The culture was prepared as previously described (Shepherd et al., 2010),
and adjusted in sterile 0.85% saline at the desired concentration.
The compost samples were inoculated with E. coli O157:H7 using a previously
described method (Shepherd et al., 2010). Briefly, the E. coli O157:H7 culture was
washed, inoculated into finished dairy compost at a ratio of 1:100 (volume:weight) and
incubated overnight at room temperature so that the bacterial cells could become
acclimated into the compost environment. Following the overnight acclimation, the
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inoculated compost was combined with the a portion of the fresh compost mixture at a
ratio of 1:100 (weight:weight) and thoroughly mixed by hand wearing sterile gloves.
CE isolation and characterization: In the present study, random isolates grown
on Actinomycetes agar from various samples (finished compost, dairy and chicken
manures) and incubated at 30 and 55oC were selected for application into composts.
Eleven phenotypically different isolates were chosen, and the growth of the isolate was
compared to that of E. coli O157:H7 at 22, 30 and 37oC. Based on the results from the
growth rate studies, five of the 11 isolates were chosen for use in the CE cocktail.
The DNA of the five isolates were extracted from overnight cultures containing
ca. 108 cells/ml using the UltraClean™ Microbial DNA isolation kit (MO BIO
Laboratories, Inc., Carlsbad, CA) per manufacturer’s instructions. PCR was then
performed on the extracted DNA using the forward primer ENV 1 (5’-AGA GTT TGA
TII TGG CTC AG-3’) and the reverse primer ENV 2 (5’-CGG ITA CCT TGT TAC
GAC TT-3’) corresponding to the complement of positions 8 – 27 and 1511 – 1492,
respectively, of E. coli 16s rRNA (Brosius et al., 1978). The PCR reaction mixture with
a final volume of 50 µl was used for the amplification and contained the following
constituents: 5 µl 10 × PCR buffer, 200 µmol dNTPs, 2.5 U of Taq polymerase, 10 pmol
of each primer and 2 – 5 µl of DNA template. The amplification was performed with an
iCycler (Bio-Rad) using the following protocol as described by Olofsson et al. (2007):
30 cycles at 95oC for 15 s, 48oC for 30 s and 72oC for 90 s, followed by an elongation
step at 72oC for 10 min. The PCR amplicons were then submitted to the Clemson
University Genomics Institute for sequencing. DNA sequences were submitted to the
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National Center for Biotechnology Information (NCBI) Basic Local Alignment Search
Tool (BLAST) using the nucleotide blast program in order to determine which bacteria
our isolates exhibited most identity to.
Preparation of CE and bacteriophage cocktails:

In the greenhouse study, 11

CE isolates were used in the cocktail, whereas five CE isolates were used in the cocktail
during the field study. CE isolates were streaked twice on TSA, grown in Tryptic Soy
Broth (TSB, Becton Dickinson) at 37oC for 24 h. Each CE culture was then centrifuged
at 5,000 × g for 10 min, and washed with sterile saline three times. Each culture was then
resuspended in sterile 0.85% saline at an OD of 0.5 at 600 nm (ca. 5×10 8 CFU/ml).
Equal volumes of each strain were combined to create the CE cocktail.
Two isolated bacteriophages (EECP-3 and EECP-4) with activity against E. coli
O157:H7 previously characterized by Liu et al. (unpublished data) were used in
bacteriophage cocktail and applied to the compost in this study. The final concentration
of the bacteriophage cocktail was ca. 3.0×109 PFU/ml as determined by the agar overlay
methods described by Heringa et al. (2010).
Compost surface sample treatments, experimental set-up and temperature
measurements: In the greenhouse study, samples were inoculated with an 11-strain
cocktail of CE cultures at a population ca. 4 log CFU/g higher than the initial population
of E. coli O157:H7 (5 log CFU/g); samples containing E. coli O157:H7 but no CE were
used as the control. To mimic “worst case scenario” conditions that may have been
observed in the field, there was no moisture adjustment of the samples in the greenhouse
study.
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The field study portion of the experiment contained four treatments: 1) the
control, which contained only ca. 105 CFU E. coli O157:H7/g, 2) A 5-strain cocktail of
CE cultures applied to the contaminated compost, 3) A 2-strain bacteriophage cocktail at
a multiplicity of infection (MOI) of 100 applied to the contaminated compost, and 4) A 2strain bacteriophage cocktail at a MOI of 100 applied to the contaminated compost, with
an addition of 1% hydrated lime (Old Castle® Lawn & Garden, Atlanta, GA) mixed into
the compost before bacteriophage application. For each of the biological control
treatments the cocktails were mixed thoroughly into the compost by hand for 10 minutes,
wearing sterile gloves. With the bacteriophage treatments, an additional application of
the bacteriophage cocktail at the initial concentration was made to the samples at day 3
post-initial application, soon after the day 3 samples were removed from the compost
heap surface.
After all treatments were prepared, 100 g of each inoculated compost sample was
placed into polystyrene trays with vented bottoms, and secured to the top of a heap with
the use of bamboo stalks and thin strings. Samples were taken on days 0, 1, 3, 5, 7, 10
and 14 of composting. Two trays were removed for sample analyses for each sample
treatment, and duplicate samples were analyzed from each sample tray. Ambient
temperatures were recorded daily, and temperatures of the center of the composting heap
were taken on each sampling day with the use of an OT-21 temperature and oxygen
sensor (Demista Instruments, Arlington Heights, IL).
Determination of compost sample carbon-to-nitrogen (C:N) ratio, pH and
moisture content: Duplicate samples of the initial uninoculated compost mixture was
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submitted to the Clemson University Agricultural Services Laboratory for the initial
determination of the compost C:N ratio, pH and moisture content. Subsequent moisture
content and pH determinations of the compost samples were performed using the
procedure described by Jiang et al. (2002).
Microbiological analyses of compost samples: Duplicate samples of the
uninoculated compost mixture were analyzed for total mesophilic and thermophilic
bacteria, and E. coli O157:H7. Twenty-five grams of the mixture were homogenized in
225 ml of Universal Preenrichment Broth (UPB; Acumedia manufacturers, Inc., Lansing,
MI), serially diluted and plated on TSA at 30 and 55oC for the enumeration of mesophilic
and thermophilic bacteria, respectively. Concurrently, the sample homogenates were
incubated at 37oC for 24 h with shaking (100 rpm). Aliquots (1 ml) of the universal
enrichment cultures were transferred into 9 ml of modified TSB (Becton Dickinson) and
incubated with shaking for 24 h at 37oC. The samples were then quadrant streaked on
Sorbitol MacConkey Agar for the detection of background E. coli O157:H7.
For the control and CE treated compost samples, 10 g of each sample were
homogenized in 90 ml of UPB using a stomacher (Seward Ltd., West Sussex, UK) at
medium speed for 1 min. Sample homogenates were serially diluted in 0.85% saline,
spread-plated on TSA-A in duplicate and incubated at 37oC for 24 h. Colonies that
illuminated bright green under UV illuminated were considered as E. coli O157:H7.
Compost samples that were treated with the bacteriophage cocktail were analyzed
in the identical manner as the samples mentioned above, with except for the addition of a
centrifugation step at 5,000 × g for 5 min with 1 washing in sterile saline to remove any
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residual bacteriophage remaining in the samples. After washing the samples were
homogenized in 90 ml of UPB, serially diluted and spread-plated. The remaining sample
homogenates were incubated at 37oC for 24 h, and then 1 ml aliquots were transferred
into 9 ml of TSB-A for a selective enrichment step. The selective enrichment cultures
were streaked on TSA-A for the detection of E. coli O157:H7.
Statistical Analyses: The PROC MIXED procedure was used to determine if the
average pooled temperatures at the monitored compost locations were statistically
different. E. coli O157:H7 populations were converted to log CFU/g dry weight (DW) of
compost. Determinations of pH and moisture content, and E. coli O157:H7 populations
were compared using the PROC GLM procedure of the Statistical Analysis System (SAS
version 9.2, SAS, Institute Inc., Cary, NC) and were compared by treatment on each
sampling day.

Results
Initial composting parameters: Parameters of the composting mixtures are
presented in Table 1. Based on composting guidelines published by Sherman (2008), the
C:N ratio and moisture content are both in the acceptable ranges for composting. The
population of mesophiles was ca. 1 log CFU/g higher than that of the thermophiles in the
composting mixture. Importantly, E. coli O157:H7 was not detected in the composting
mixture.
Compost heap temperatures: Daily high ambient temperatures during the trial
ranged from 16 – 26oC throughout the trial. At the center of the composting heap,
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temperatures entered the thermophilic phase (>40oC) by day 2 of composting (Fig. 1),
and reached levels ≥55oC for 7 of the 14 days of the trial. During the trial, compost
surface temperatures were significantly lower (P<0.05) than those at the center of the
heap.
Sample moisture content and pH: The measurements of the sample moisture
contents and pHs are presented in Tables 2 and 3, respectively. Moisture levels quickly
declined in the samples at the compost heap surface, falling to levels close to 20% by day
5. The moisture contents of the treatment samples were not significantly different
(P>0.05) from each other during the first 5 days of composting. Moderate precipitation
(ca. 18 mm) occurred between days 7 and 10, resulting in an increase in the moisture
content of each of the sample treatments (Table 2). By day 14 the treatment samples
dried and the moisture content of the control and the phage+lime samples were the only
samples that differed significantly (P<0.05).
The pHs of the compost samples increased further into the basic range by day 1 of
composting. From days 3 through 14 of composting the pHs of the samples generally
declined (Table 3). On most of the sampling dates the phage+lime treatment samples
were significantly higher (P<0.05) than those of the other surface treatments.
Identification of CE used in the field study surface treatment: Of the species
of bacteria which comprised the CE cocktail used in the field study, two were member of
the phylum Actinobacteria, whereas the other three were identified as soilborne
microorganisms (data not shown).
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E. coli O157:H7 survival in the greenhouse and field studies: In the
greenhouse study, populations of the E. coli O157:H7 in the samples with CE treatment
were significantly lower than those found in the control on every sampling day, with the
exception of day 5 (Table 4). Overall, E. coli O157:H7 populations were ca. 0.3 – 0.4 log
CFU/g lower in the CE treatment samples compared to the control.
Of the eleven phenotypically different isolates chosen, and the growths of the
isolates were compared to that of E. coli O157:H7 at 22, 30 and 37oC. Five isolates (M6,
M7, M9, M10 and T2) were shown to have growth comparable to that of E. coli O157:H7
at the temperatures listed above (data not shown), and were used in the CE cocktail
during the field study. Initial reductions of E. coli O157:H7 populations from day 0 to
day 1 were ca. 1.7, 2.3 and 3.2 log CFU/g in the control, phage and phage+lime
treatments, respectively (Table 5). Reductions of E. coli O157:H7 were ca. 0.6 and 1.5
log CFU/g greater when comparing the control to the phage and phage+lime treatments,
respectively. After day 3 of treatment, differences in pathogen reduction between the
bacteriophage-treated and control samples stabilized. From days 0 through 14, total
reductions of E. coli O157:H7 populations were ca. 3.0, 3.8 and 4.1 log CFU/g in the
control, phage and phage+lime treatments, respectively. There was no significant
reduction of E. coli O157:H7 after the second bacteriophage application at day 3.
Unexpectedly, the application of the CE cocktail resulted in the growth of E. coli
O157:H7 of ca. 1.0 log CFU/g by day 1 (Table 5). Overall, the population of E. coli
O157:H7 declined less than 1.0 log CFU/g over the study in the CE treatment.
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Discussion
Composting has been shown to be effective in eliminating pathogens from wastes
while creating an amendment that is useful in agricultural applications. However, studies
have shown that pathogens may persist for prolonged periods of time at the compost
surface if it is undisturbed. Therefore, it is important to evaluate practical methods which
can be used to control pathogens at the compost surface.
The use of biological agents to control pathogens has been previously studied
along many different stages in food processing. The use of bacterial cultures as CE
agents has been investigated in food animals. Zhang et al. (2007a) revealed that CE
bacteria with activity against Salmonella and Campylobacter jejuni could be isolated
from the intestines of chick, and subsequently reduce the shedding of Salmonella by up to
2.5 log CFU/chick when fed to newborn chicks before a challenge with Salmonella
(Zhang et al., 2007b). CE bacteria isolated from a poultry processing plant were shown
to be effective in reducing populations of Listeria in floor drains of the processing plant
when applied in an enzyme-based foam (Zhao et al., 2006). When Gram-negative
competitive inhibition bacteria were inoculated into manure and held at 21 oC, by day 5,
Danyluk et al. (2007) reported that Salmonella populations were 2 log CFU/g lower in
the sample with the competitive inhibition when compared to the control.
In our study, random isolates grown on Actinomycetes agar from various samples
(finished compost, dairy and chicken manures) were selected for application into
composts, as species of Actinomycetes have been shown to have antibacterial properties
(Martin et al., 1992). In the laboratory study, reductions of E. coli O157:H7 were ca. 0.5
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log CFU/g greater in the samples treated with the 11-strain CE cocktail when compared
to the control (data not shown). In the greenhouse study E. coli O157:H7reduction was
moderate, but significantly lower (P<0.05) by day 7 after application, as populations
were 0.3 log CFU/g lower in the treatment samples when compared to reductions
observed in the control samples. However, the results from our field study revealed that
the application of the CE cultures resulted in the growth of E. coli O157:H7 initially, and
allowed for greater persistence of the pathogen compared to the control. This result
differed from the findings of the laboratory and greenhouse studies which revealed that
use of the CE cocktail in the compost resulted in reductions of E. coli O157:H7 greater
than the control. An explanation for this could be due to the fact that different compost
mixtures were used in the laboratory/greenhouse studies and the field trial. As
composting is a heterogeneous process, different microbial communities may have been
present in the different composting mixtures. The background community in the compost
mixture used in the field study may have been sensitive to antimicrobial compounds
which may have been released by the CE cocktail, resulting in a decline is the overall
population of the background microflora. This could result in the survival, and possible
growth of the pathogen in compost, as reduced background populations have resulted in
the same phenomenon in manure-amended soil (Jiang et al., 2002) and mature compost
(Kim et al., 2011).
The applications of lytic bacteriophages have been used in controlling pathogens
in various stages of food production and environments. Kudva et al. (1999) reported that
a three-strain E. coli O157:H7 specific cocktail of bacteriophages resulted in a ca. 2 log
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CFU/g reduction of the pathogen on the surface of broccoli, tomatoes, spinach and
ground beef. L. monocytogenes was reportedly reduced by 5 log CFU/g or ml when
various solid and liquid foods were treated with a pathogen-specific bacteriophage
cocktail at a concentration of 108 PFU/g or ml. When applied to compost at various
moisture contents (30, 40, 45 and 50%) under laboratory conditions, a 5-strain cocktail of
bacteriophages with activity against Salmonella resulted in a greater than 2 log CFU/g
reduction in Salmonella populations (Heringa et al., 2010). In the present study we
evaluated the efficacy of using a bacteriophage cocktail to treat E. coli O157:H7
contaminated compost under field conditions. Early in composting, both bacteriophage
treatments resulted in ca. 0.6 – 1.5 log CFU/g reductions greater than that observed in the
control (Table 4). However, there were no further reductions as compared with the
control after day 3 of treatment, suggesting a loss in bacteriophage activity. The
phage+lime treatment resulted in more than 1 log CFU/g reduction as compared with the
control during the two week treatment, as it is speculated that the addition of lime
enhances bacteriophage activity (Liu et al., unpublished data). The addition of lime to
wastes has been reported to increase the pH (usually above 12) resulting in pathogen
destruction. Wong and Selvam (2001) reported that the application of lime into biosolids
resulted in a ca. 4 and 3 log CFU/g reduction in total coliforms and Salmonella,
respectively. Additionally, Salmonella, E. coli, fecal coliforms and fecal streptococci
were all reduced by at least 6 log CFU/g in pig manure after using lime as a treatment
method (Wong and Selvam, 2009). In our study a small amount of lime (1%) was added,
and the pH increases were lower than what was reported to result in pathogen inactivation
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after the addition of the lime into the compost, although they were consistently higher
(P<0.05) than those observed in the other treatments (Table 3).
The bacteriophage treatments implemented in this study did show efficacy early
on during the composting process in reducing E. coli O157:H7 populations. However,
the reduction also observed in the control sample indicates that other factors contribute to
pathogen inactivation. Desiccation of the samples appears to be a factor which may have
contributed to the inactivation of E. coli O157:H7 in the control samples, and may have
also resulted in a reduction in bacteriophage efficacy after the first few days of
composting. According to Heringa et al. (2010), the minimum moisture content in
compost necessary for bacteriophage activity was between 23 to 30%. In our study the
compost samples lost moisture quickly, as the moisture content of the samples were
<30% by day 5. Reductions in moisture affect bacteria because a certain amount of water
is necessary for metabolic processes. Therefore, inadequate water availability reduces
viability of bacterial cells. In addition, in order for bacteriophages to be effective the
bacterial cell must be metabolically active. In future studies, it is important that the
moisture on the surface of the compost heap be elevated in order to sustain bacteriophage
lytic activity.

Conclusions
The use of bacteriophages at a MOI of 100 was effective in reducing E. coli
O157:H7 populations at the compost surface, particularly when the moisture content of
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the compost was ≥30%. The addition of 1% lime potentiated the lytic activity of the
bacteriophage against E. coli O157:H7 in fresh compost. Conversely, the application of
the CE cocktail was not effective in controlling E. coli O157:H7 at the compost surface in
the field study, even though the CE cocktail was effective under laboratory and
greenhouse conditions. Overall, the application of bacteriophages and lime was shown to
be effective in controlling pathogen populations under field conditions, but their activity
against the pathogen may be dependent on the moisture content of the compost to which
it is applied.
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Figure Legend
Figure 4.1: Compost heap temperature profile. Temperature recording at locations within
the composting heaps represent averages of duplicate recordings.
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Table 4.1: Initial field study composting heap parameters

Sample
Initiala
a

Abiotic compost parameters
C:N ratio pH
Moisture content (%)
21.2:1

8.7

61.93

Initial microbial population (CFU/g)
Mesophilic Thermophilic E. coli O157:H7
1.29x10

Values of the sample represents averages of duplicate samples

b

- , not detected in 25 g compost
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9

1.34x10

8

-

Table 4.2: Moisture content determinations of compost surface sample treatments

Treatment
Control
CE

0
61.93±0.00a
Ab
61.93±0.00 A

Phage

61.93±0.00 A

Phage+Lime

61.93±0.00 A

a

1
35.87±5.01
A
30.56±7.62
A
29.91±1.98
A
28.81±1.32
A

3
30.78±0.60
A
31.12±2.76
A
27.62±2.74
A
29.03±2.48
A

Days of composting
5
7
20.30±0.18
9.42±0.57
A
AB
21.07±1.39
9.56±1.25 A
A
23.22±3.23
8.57±0.79
A
AB
20.54±4.85
8.21±0.64 B
A

10
36.45±3.28 A

14
9.08±0.43 A

35.31±0.70
AB
33.13±2.14
AB
32.71±2.18 B

8.50±0.51
AB
8.68±1.13
AB
7.88±0.39 B

Average of duplicate samples ± standard deviation.

b

Comparisons of moisture contents were made between each compost sample treatment. Different capitalized letters in the

columns indicate that there is a significant difference (P<0.05) between the values on the specified sampling day.
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Table 4.3: pH determinations of compost surface sample treatments

Treatment
Control
CE

0
8.70±0.00a
Ab
8.70±0.00 A

Phage

8.70±0.00 A

Phage+Lime

8.70±0.00 A

a

Days of composting
1
3
5
7
9.89±0.42 B 9.46±0.12 C 9.76±0.02 B 8.95±0.09 B
10.37±0.04
A
10.39±0.07
A
10.63±0.03
A

9.60±0.04
BC
9.71±0.17 B
9.95±0.02 A

9.69±0.11 B

8.73±0.23 C

9.74±0.08 B 8.86±0.05
BC
10.00±0.02 9.32±0.08 A
A

10
8.92±0.11 C

14
8.77±0.21 C

8.98±0.11
BC
9.06±0.06 B

8.89±0.04
BC
8.95±0.05 B

9.56±0.03 A

9.50±0.03 A

Average of duplicate samples ± standard deviation.

b

Comparisons of pH determinations were made between each compost sample treatment. Different capitalized letters in the

columns indicate that there is a significant difference (P<0.05) between the values on the specified sampling day.
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Table 4.4: Changes in E. coli O157:H7 populations in composting sample treatments under greenhouse conditions

Treatment
Control
CE
a

0
5.09 ± 0.02a Ab
5.09 ± 0.02 A

Days after treatment application
1
3
5
4.37 ± 0.04 A 2.89 ± 0.00 A 2.81 ± 0.04 A
4.10 ± 0.03 B 2.59 ± 0.00 B 2.76 ± 0.02 A

7
1.90 ± 0.00 A
1.60 ± 0.00 B

: Average of duplicate samples ± standard deviation.

b

: Comparisons of E. coli O157:H7 populations were made between each compost sample treatment. Different capitalized

letters in the columns indicate that there is a significant difference (P<0.05) between the values on the specified sampling day.
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Table 4.5: Changes in E. coli O157:H7 populations in surface composting sample treatments during the field study

Treatment
Control
CE
Phage
Phage+Lime

a

0
5.66±0.00a A b
5.66±0.00 A
5.66±0.00 A
5.66±0.00 A

1
3.97±0.24 B
6.63±0.05 A
3.40±0.19 C
2.48±0.33 D

Days of composting
3
5
7
3.44±0.14 B 2.88±0.19 B 2.79±0.33 B
5.71±0.22 A 4.68±0.07 A 4.65±0.06 A
2.76±0.46 C 2.62±0.29 C 2.38±0.30 C
2.02±0.76 D 1.57±0.32 D 1.76±0.39 D

10
2.60±0.38 B
5.67±0.07 A
2.38±0.28 B
1.49±0.27 C

14
2.63±0.39 B
4.78±0.20 A
1.91±0.47 C
1.54±0.39 C

: Average of duplicate samples ± standard deviation.

b

: Comparisons of E. coli O157:H7 populations were made between each location of the heap. Different capitalized letters in

the columns indicate that there is a significant difference (P<0.05) between the values on the specified sampling day.
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Figure 1
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CHAPTER FIVE
CONCLUSIONS

Previous studies have demonstrated that pathogen persistence during composting
is an area of concern, especially at the surface of unturned or minimally-maintained
compost heaps. Therefore, it is important to evaluate practical methods which can be
implemented to ensure that human pathogens are inactivated at all locations within the
compost heap.
In the first objective of our study, we demonstrated that E. coli O157:H7 and
Salmonella were most rapidly inactivated in compost heaps where the initial C:N ratio
was high (>35:1) under cold and warm ambient environmental conditions, when
compared to the low (>20:1) and mid (25 – 30:1) C:N ratio heaps. In the second and
third objectives of the study, our results revealed that physical treatment and biological
control methods could be applied to the compost surface to control E. coli O157:H7
populations. In determining the efficacy of how materials commonly found on-farm as
physical covering to dairy manure-based compost heaps would affect pathogen
populations at the compost surface, we found that use of finished compost at initial
thickness and moisture content of 30 cm and 30%, respectively, was most effective in
rapidly controlling the pathogen (>7 log CFU/g reduction) over the four trial study. The
application of a bacteriophage cocktail with lime resulted in a reduction of E. coli
O157:H7 that was 1.5 log CFU/g greater than reductions observed in the control samples
early after initial application.
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Our data revealed that alternative methods can be used to control pathogen
populations at the compost surface. Importantly, the studies performed demonstrated that
these intervention methods could be implemented and are effective under field
conditions, where environmental conditions are variable. Therefore, to produce
microbiologically safe composts it is important to ensure that: the initial C:N ratio of the
composting mixture is at least 25:1, and alternative treatment methods, such as the use of
an insulator or biological control methods, such as bacteriophages, are used to control
pathogens at the compost heap surface. Furthermore, our research also provides
scientific data validating current EPA recommendations stating that covering compost
heaps can be a method used for pathogen control.
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